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Abstract: The sudden emergence of SARS-CoV-2 demonstrates the need for new vaccines that
rapidly protect in the case of an emergency. In this study, we developed a recombinant MVA vaccine
co-expressing SARS-CoV-2 prefusion-stabilized spike protein (ST) and SARS-CoV-2 nucleoprotein
(N, MVA-SARS-2-ST/N) as an approach to further improve vaccine-induced immunogenicity and
efficacy. Single MVA-SARS-2-ST/N vaccination in K18-hACE2 mice induced robust protection
against lethal respiratory SARS-CoV-2 challenge infection 28 days later. The protective outcome of
MVA-SARS-2-ST/N vaccination correlated with the activation of SARS-CoV-2-neutralizing antibodies
(nABs) and substantial amounts of SARS-CoV-2-specific T cells especially in the lung of MVA-SARS-
2-ST/N-vaccinated mice. Emergency vaccination with MVA-SARS-2-ST /N just 2 days before lethal
SARS-CoV-2 challenge infection resulted in a delayed onset of clinical disease outcome in these
mice and increased titers of nAB or SARS-CoV-2-specific T cells in the spleen and lung. These
data highlight the potential of a multivalent COVID-19 vaccine co-expressing S- and N-protein,
which further contributes to the development of rapidly protective vaccination strategies against
emerging pathogens.

Keywords: SARS-CoV-2; poxvirus; multivalent vaccine; K18-hACE2 mice

1. Introduction

Emerging infectious diseases pose a constant threat to global public health. Such
pathogens can arise suddenly and have the potential to cause severe and also lethal disease
in humans with rapidly increasing infection rates [1]. Changing ecological and environmen-
tal conditions and the more pronounced interaction with wildlife in different areas of the
world have a significant impact on the increasing incidences of new emerging pathogens [2].
Other long-standing diseases like the seasonal flu and re-emerging diseases such as Ebola
continue to cause disease and death in humans [3]. In addition to hygiene measures and

Viruses 2024, 16, 417. https:/ /doi.org/10.3390/v16030417

https:/ /www.mdpi.com/journal /viruses


https://doi.org/10.3390/v16030417
https://doi.org/10.3390/v16030417
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0002-2192-2413
https://orcid.org/0000-0001-5117-3989
https://orcid.org/0000-0003-1577-5856
https://orcid.org/0009-0005-1270-312X
https://orcid.org/0009-0002-5468-2695
https://orcid.org/0000-0002-7921-5746
https://orcid.org/0000-0001-8151-5644
https://orcid.org/0000-0001-6143-082X
https://orcid.org/0000-0001-6066-8246
https://orcid.org/0000-0001-8757-3896
https://doi.org/10.3390/v16030417
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v16030417?type=check_update&version=1

Viruses 2024, 16, 417

2 0f29

several therapeutic approaches, the most important countermeasure against new emerging
pathogens is the rapid availability of safe and protective vaccines [4]. This has been im-
pressively demonstrated by the COVID-19 pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), when the availability of new vaccine technology
ready to be used in humans significantly spurred the authorization of several SARS-CoV-2
vaccine candidates very rapidly [5]. These new approaches were mainly based on mRNA
technology, protein-based vaccines, and vector vaccine technology using adenovirus-based
vaccines [6]. So far, most licensed COVID-19 vaccines target the SARS-CoV-2 spike protein
(S-protein) as a vaccine antigen, since it represents the major target for neutralizing antibod-
ies [7,8]. Several studies confirmed the rapid activation of SARS-CoV-2 specific immune
responses in humans. Based on this promising experience, several other vaccine candidates
have been developed. Another promising approach for COVID-19 vaccine development
using viral vector technology is based on the Modified Vaccinia Virus Ankara (MVA). MVA
is a highly attenuated and replication-deficient vaccinia virus that is licensed as a safe
third-generation vaccine against smallpox and serves as a potent vaccine vector system for
the development of new candidate vaccines. Its replication deficiency in mammalian cells
guarantees an important safety profile and the large DNA genome offers the opportunity
to develop multivalent vaccine approaches [9]. In previous preclinical and clinical studies,
we demonstrated the safety, immunogenicity, and protective efficacy of an MVA-based
candidate vaccine expressing a prefusion-stabilized version of a SARS-CoV-2-S antigen
(MVA-SARS-2-ST) [10]. However, the efficacy of COVID-19 vaccines targeting the S-protein
has been hampered with the rapid emergence of new variants of SARS-CoV-2. Here, muta-
tions specifically affecting the SARS-CoV-2 S-protein resulted in reduced protective efficacy
of vaccines due to the very low neutralizing capacity against these new viral variants [11,12].
As a result, the pandemic continued with the rapid and constant emergence of new variants,
which also resulted in altered transmissibility and severity of disease after infection. Espe-
cially the Delta and Omicron Variant were characterized by significant mutational changes
in the S1-protein, which resulted in the escape of the immune responses [13]. Rather than
developing constant updates and adaptations of licensed vaccines to the current viral vari-
ants, a more suitable strategy is the development of new vaccination approaches generating
a broader protection against SARS-CoV-2 by multivalent vaccines [14,15]. Such a multi-
valent vaccine approach in addition to the well-established S-protein also includes more
conserved antigens within the candidate vaccines [16]. The use of more conserved vaccine
antigens to induce a broader protective immune response has been already confirmed for
the Influenza A virus (IAV). Here, the use of the highly conserved nucleoprotein (NP) of the
Influenza virus showed protective efficacy against different IAV strains. Different candidate
vaccines targeting the nucleoprotein alone or in combination with other conserved proteins
of IAV demonstrated the activation of increased titers of broadly reactive immune responses
against different IAV strains in preclinical as well as clinical studies [17-21]. In another
approach, the combination of different nucleoproteins and hemagglutinin from different
IAV strains expressed by MVA confirmed the activation of more cross-reactive immune
responses as an approach to contribute to the development of a universal flu vaccine [21,22].
The approach of using multivalent vaccine candidates to induce a broader reactive immune
response has also been confirmed for SARS-CoV-2. Here, vaccines targeting the SARS-CoV-
2 N-protein in addition to the well-established S-protein were confirmed to induce a robust
protection against the ancestral SARS-CoV-2 as well as several variants of concern (VOCs)
in different animal models [23-28]. The SARS-CoV-2 N-protein (N-protein) is 49.5 kDa in
size and comprises 419 amino acids. The conserved regions of the N-protein, N-terminal
domain, and C-terminal domain show strong similarities to the N-protein structures of
other coronaviruses [29]. During the SARS-CoV-2 replication cycle, the N-protein mediates
the genome encapsidation for the incorporation of the viral genome into a particle. Fur-
thermore, the N-protein has also been considered to be involved in the immune evasion
strategy of SARS-CoV-2 escaping the host immune response. The high conservation of
the N-protein for different coronaviruses as well as its essential role in viral replication
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makes the N-protein a suitable candidate antigen for vaccine development [29]. Unlike
the S-protein, the N-protein is not expressed on the surface of SARS-CoV-2 virus particles.
Due to this, N-specific candidate vaccines should not induce SARS-CoV-2-neutralizing
antibodies, but specific T cell responses should be expected [30]. Indeed, robust titers of
N-specific antibodies as well as sufficient levels of N-specific T cells were abundantly found
in patients infected with SARS-CoV-2 [31,32]. This has also been confirmed in previous
studies, when immunization with monovalent N-based vaccine candidates already showed
the immunogenic and protective potential in preclinical studies [33,34]. The suitability
of the N-protein has also been demonstrated using MVA as a vaccine vector platform.
Here, prime-boost vaccination studies in different preclinical animal models confirmed
the immunogenicity and protective capacity of multivalent MVA-based vaccines against
SARS-CoV-2 [23,28]. Another important goal for the development of vaccines against new
emerging pathogens with pandemic potential is to rapidly induce protective immunity.
This is especially important in the case of an emergency, when there is the necessity to
rapidly stop viral transmission. Here, the availability of vaccines that induce protection
after a single vaccination or even shortly after vaccination is important in an immediate
public health response [35]. Since these previous data confirmed improved immunogenic-
ity and efficacy of MVA-based COVID-19 vaccines targeting the S- and the N-protein, we
aimed to evaluate the ability of these vaccines to rapidly protect against SARS-CoV-2. For
this, we used the lethal K18-hACE2 mouse model and tested the immunogenicity and
protective capacity of single and emergency vaccination with an MVA-based candidate
vaccine co-expressing the S- and N-protein. We confirmed that our MVA-SARS-2-ST/N
candidate vaccine (MVA-ST/N) robustly protected the brain and lungs against SARS-CoV-2
challenge infection after single immunization in the lethal K18-hACE2 mouse model using
a more conventional vaccination regimen of 28 days. Moreover, MVA-ST /N vaccination
just 2 days before lethal SARS-CoV-2 challenge infection resulted in a delayed onset of the
clinical disease outcome in these mice.

2. Materials and Methods
2.1. Cell Cultures

DF-1 cells (ATCC® CRL-12203™) were maintained in a VP-SFM medium (Thermo
Fisher Scientific, Planegg, Germany), 2% heat-inactivated fetal bovine serum (FBS) (Thermo
Fisher Scientific, Planegg, Germany), and 2% L-glutamine (Thermo Fisher Scientific,
Planegg, Germany). Primary chicken embryonic fibroblasts (CEFs) were prepared from
10- to 11-day-old chicken embryos (SPF eggs, VALO, Cuxhaven, Germany) using recom-
binant trypsin (Tryple TM, Thermo Fisher Scientific, Planegg, Germany) and maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM), 10% FBS, and 1% Minimal Essential
Medium (MEM) non-essential amino acid solution (Sigma-Aldrich, Taufkirchen, Germany).
Vero and Vero E6 cells (ATCC CCL-81) were maintained in DMEM high glucose, 5% FBS,
and 1% MEM non-essential amino acid solution (Sigma-Aldrich, Taufkirchen, Germany).
Human HaCat cells (CLS Cell Lines Service GmbH, Eppelheim, Germany) were maintained
in DMEM high glucose, 10% FBS, 1% MEM non-essential amino acid solution. All cells
were cultivated at 37 °C and 5% CO,.

2.2. Plasmid Construction

The coding sequence of the full-length SARS-CoV-2 N-protein (SARS-2-N) was modi-
fied in silico to remove runs of guanines and cytosines and termination signals of vaccinia-
virus-specific early transcription. The modified SARS-2-N cDNA was generated by DNA
synthesis (Eurofins, Ebersberg, Germany) and cloned into the MVA transfer plasmid pLW-
73-SARS-2-N, allowing the insertion of the target gene between the open reading frames
(OREFs) of the viral genes MVAO69R and MVAOQ70L [36].
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2.3. Generation of Recombinant Viruses

The generation of recombinant MVA-SARS-2-ST (MVA-ST) was described previ-
ously [10]. Recombinant MVA viruses MVA-SARS-2-N (MVA-N) and MVA-SARS-2-ST/N
(MVA-ST/N) were generated following established protocols as described in previous
studies [37-39]. The 90-95% confluent CEF or DF-1 cells were grown in six-well tissue
culture plates (Sarstedt, Niimbrecht, Germany), infected with non-recombinant MVA or
recombinant MVA-ST at a multiplicity of infection (MOI) of 0.05 and transfected with
plasmid pLW-73-SARS-2-N using an X-treme GENE HP DNA Transfection Reagent (Roche
Diagnostics, Penzberg, Germany) according to the manufacturer’s instructions to obtain
MVA-N and MVA-ST/N, respectively. Subsequently, cell cultures were collected and recom-
binant MVA viruses were clonally isolated by serial rounds of plaque purification on CEF
cell monolayers, monitoring for the co-expression of the green fluorescent marker GFP. To
obtain vaccine preparations, recombinant MVA-N and MVA-ST/N were amplified on CEF
or DF-1 cell monolayers grown in T175 tissue culture flasks, purified by ultracentrifugation
through 36% sucrose and reconstituted to high-titer stock preparations in Tris-buffered
saline (TBS) (pH = 7.4). To determine viral titers, plaque-forming units (PFUs) were counted
following established protocols [37].

2.4. In Vitro Characterization of Recombinant MVA-N and MVA-ST/N

Genetic identity of MVA vector viruses were confirmed by a polymerase chain reaction
(PCR) using viral DNA. Replicative capacity of recombinant MVA viruses was determined
in multi-step-growth experiments on CEF or DF-1 and HaCat cells grown in six-well tissue
culture plates. MVA-N, MVA-ST/N, and non-recombinant MVA were inoculated at MOI
0.05, and cell cultures were collected 0, 4, 8, 24, 48, and 72 h post infection (hpi), and
titrated on 90-95% confluent CEF cell monolayers to define infectiousness in cell lysates (in
PFU/mL).

2.5. Western Blot Analysis of Recombinant Proteins

To confirm the unimpaired and stable expression of recombinant SARS-2-N and SARS-
2-ST proteins, monolayers of 90-95% confluent DF-1 cells were infected at MOI of 5 with
recombinant or non-recombinant MVA or remained un-infected (mock) using protocols
as described previously [10,40]. Cell lysates were prepared at the indicated time points
and stored at —80 °C. Proteins from lysates were separated by SDS-PAGE and transferred
to a nitrocellulose membrane by electroblotting. The blots were blocked in a phosphate
buffered saline buffer (PBS) containing 5% non-fat dried milk powder (PanReac AppliChem,
Darmstadt, Germany) and 0.1% Tween20 (Sigma-Aldrich, Taufkirchen, Germany) and were
incubated overnight with primary antibodies targeting the S2-domain of the S-protein (1A9,
1:4000; GeneTex, Irvine, CA, USA) or the N-protein (HL249, 1:4000; GeneTex, Irvine, CA,
USA) of SARS-CoV-2. As a positive control, the blots were also incubated with a monoclonal
antibody targeting Hsp90 (C45G5, 1:2000; Biozol, Eching, Germany). Subsequently, blots
were washed twice with PBS/0.1% Tween20 and incubated with anti-mouse IgG-HRP
(1:5000; Agilent Dako, Glostrup, Denmark) or anti-rabbit IgG-HRP (1:5000; Cell Signaling,
Frankfurt am Main, Germany). Membranes were washed and developed by a SuperSignal®
West Dura Extended Duration substrate (Thermo Fisher Scientific, Planegg, Germany).
Chemiluminescence was visualized using the ChemiDoc MP Imaging System (Bio-Rad,
Munich, Germany).

2.6. Immunostaining of Recombinant SARS-2-ST and SARS-2-N Proteins

The detection of SARS-2-ST was performed using protocols as described before with
minor changes [10,40]. Vero cells were infected at MOI of 0.1 with recombinant MVA-N and
MVA-ST /N or non-recombinant MVA or remained un-infected and were incubated at 37 °C
for 17 h. Cells were fixed with 4% paraformaldehyde (PFA) for 10 min on ice, washed twice
with PBS, and permeabilized with PBS/0.1% Triton X-100 (Sigma-Aldrich, Taufkirchen,
Germany). Permeabilized cells were probed with monoclonal antibodies directed against
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the S2-domain of SARS-2-S (1:1000; GeneTex, Irvine, CA, USA) or SARS-2-N (HL249;
1:1000; GeneTex, Irvine, CA, USA) for 1 h at room temperature. Polyclonal goat anti-mouse
(1:1000; Life Technologies, Darmstadt, Germany) or polyclonal goat anti-rabbit (1:1000; Life
Technologies, Darmstadt, Germany) secondary antibodies, diluted in PBS/0.5% BSA, were
used to visualize S- and N-specific staining by red and green fluorescence, respectively.
Nuclei were stained with 1 pg/mL of 4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich,
Taufkirchen, Germany) and cells were visualized using the Keyence BZ-X700 microscope
(Keyence, Neu-Isenburg, Germany) with a x 100 objective.

2.7. Viruses

SARS-CoV-2 (isolate Germany/BavPat1/2020, NR-52370) was obtained by BEI Re-
sources, NIAID, NIH, and propagated in Vero cells cultured in DMEM (Sigma-Aldrich)
supplemented with 2% FBS, 1% penicillin-streptomycin (P/S), and 1% L-glutamine at 37 °C.
All experiments and applications with SARS-CoV-2 were performed in BSL-3 laboratories
and BSL-3 stables at the Research Center for Emerging Infections and Zoonoses (RIZ),
University of Veterinary Medicine Hannover, Germany.

2.8. Immunization and Infection of K18-hACE2 Mice

Immunizations were performed using intramuscular applications into the quadriceps
muscle of the left hind leg with vaccine suspension containing 1 x 108 PFU of MVA,
MVA-ST, MVA-N, or MVA-ST/N in a volume of 50 uL. In total, 50 uL of PBS (mock) was
administered as a control. For challenge infection studies with SARS-CoV-2, female and
male K18-hACE2 mice (B6.Cg-Tg (K18-ACE2)2Prlmn/]J) were kept in groups of two to five
animals in individually ventilated cages (IVCs, Tecniplast). All performances working with
infectious SARS-CoV-2 in the animal stables and laboratories were conducted in BSL-3
facilities at the Research Center for Emerging Infections and Zoonoses (RIZ), University
of Veterinary Medicine, Hanover, Germany. A total of 28 or 2 days after vaccination, all
mice were anesthetized followed by an intranasal infection with a 3.6 x 10* TCIDsy of
SARS-CoV-2 (isolate Germany/BavPat1/2020, NR-52370) obtained from BEI Resources,
NIAID, NIH. After SARS-CoV-2 infection, body weight of all mice was measured daily
and signs for clinical disease were monitored at least twice a day using a clinical score
sheet. Symptoms were assigned to the following categories: the cardiovascular system,
fur/skin condition, respiratory tract, social behavior/general condition/locomotion, and
neurological abnormalities. Respiratory signs were additionally divided into upper and
lower respiratory tracts with focus on nasal discharge and tachypnoea, respectively. Clinical
symptoms were assigned for clinical scores using the clinical score sheet and further
combined as a total clinical score for each mouse. Exceeding weight loss from the initial
body weight over 20% as well as a defined cumulative clinical score were declared as
experimental endpoints.

2.9. Measurement of Viral Burden

After the euthanization of the mice, the right lung lobe and brain tissue from the right
brain hemisphere were sampled and homogenized in 1 mL of DMEM containing antibiotics
(penicillin and streptomycin, Gibco). Homogenization was performed with the TissueLyser-
II (Qiagen). Titers of infectious SARS-CoV-2 in the homogenates were determined by
incubation on Vero cells and calculated as median TCIDsj units. For this, Vero cells were
cultured in DMEM containing 5% FBS and transferred onto 96-well plates. Samples of
homogenized lungs and brains were added in serial 10-fold dilutions onto the cells and
incubated for 96 h at 37 °C. After incubation, Vero cells were evaluated for cytopathic
effects and the TCIDs unit per mL was calculated using the Reed—-Muench method.
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2.10. Quantitative Real-Time RT-PCR

Oropharyngeal swabs were taken at 4 days post infection (4 dpi) and on the day of
death (final) and incubated in 1 x PBS containing antibiotics (penicillin and streptomycin,
Gibco). After euthanization, the right lung lobe and brain tissue from the right brain
hemisphere were sampled and homogenized within 1 mL of DMEM containing antibiotics
(penicillin and streptomycin, Gibco). To determine viral RNA titers in lungs and brains
of SARS-CoV-2-infected mice, isolated RNA from homogenates was amplified using RT-
qPCR (quantitative real-time reverse transcription PCR) targeting the RNA-dependent
RNA polymerase (RDRP) of SARS-CoV-2. The isolation of RNA was conducted with the
KingFisher Flex and NucleoMag RNA kit following the manufacturer’s protocol. Isolated
RNA was incubated with the Luna® Universal One-Step RT-qPCR Kit (NEB #E3005, New
England Biolabs GmbH, Frankfurt am Main, Germany) in a CFX96-Touch Real-Time PCR
system (Bio-Rad) using the RT-qPCR program. The detection of RNA targeting RDRP of
SARS-CoV-2 was conducted using the following primers: SARS-2-1P4, forward primer
(5’-GGTAACTGGTATGATTTCG-3'), reverse primer (5'-CTGGTCAAGGTTAATATAGG-3),
and probe (5-TCATACAAACCACGCCAGG-3' [5'] FAM, [3'] BHQ-1). Incubation started
with reverse transcription at 55 °C for 10 min followed by denaturation at 95 °C for 1 min.
In 44 cycles, samples were heated at 95 °C for 20 sec for denaturation and at 56 °C for 30 s
for annealing and elongation. Measurements of relative fluorescence units (RFUs) at the
time point of the termination of the elongation step were conducted. A standard RNA
transcript was used to correlate Ct values of the samples and calculate the quantity of viral
copy numbers per uL of total RNA.

2.11. PRNT5

PRNTS5p assays (plaque reduction neutralization tests) using sera of the mice were
performed to determine the titers of neutralizing antibodies (nABs) against SARS-CoV-2
(isolate Germany/BavPat1/2020, NR-52370) obtained from BEI Resources, NIAID, NIH.
Besides some modifications, the protocol was performed as described previously [41]. All
serum samples were initially heat-inactivated at 56 °C for 30 min. Two-fold dilutions
of all sera were conducted on 96-well plates in duplicates in a total volume of 50 uL of
DMEM. Diluted sera were further mixed with 50 puL of a SARS-CoV-2 virus suspension
(600 TCIDsp) per well and incubated at 37 °C for 1 h. After this, the mix was transferred
onto Vero E6 cells (ATCC, CRL-1586), which were cultured in 96-well plates and incubated
for 45 min. Meanwhile, Avicel RC-591 (Dupont, Nutrition & Biosciences, New York, NY,
USA) and pre-warmed DMEM were mixed 1:1 and after incubation, 100 uL was added to
the cell plates and further incubated for 24 h. The final fixation of the cells was conducted
with 4% formaldehyde in PBS for further staining assays. Cells were stained targeting the
SARS-CoV-2 N-protein with a polyclonal anti-rabbit antibody (Sino Biological, 40588-T62;
1:2000, Beijing, China). A secondary HRP-labeled goat anti-rabbit IgG (Agilent Dako,
P044801-2; 1:1000, Santa Clara, CA, USA) was used to generate a signal by processing
a precipitate-forming TMB substrate (True Blue, KPL SeraCare, 5510-0030, Milford, MA,
USA). The amount of SARS-CoV-2-infected cells/wells was measured with an ImmunoSpot
reader (CTL Europe GmbH). The serum neutralization titer (PRNT5y) was calculated, which
indicates the reciprocal of the highest serum dilution leading to the decrease of more than
50% of the plaque formations.

2.12. Antigen-Specific IgG ELISA

SARS-2-N-specific serum IgG titers were measured by ELISA as described previ-
ously with minor modifications [10,40]. ELISA plates (Nunc MaxiSorp Plates, Thermo
Fisher Scientific) were coated with 50 ng/well of recombinant SARS-CoV-2 N-protein
(AcroBiosystems) overnight at 4 °C. Plates were washed with PBS/0.05% Tween20 (PBS-T)
(Sigma-Aldrich, Taufkirchen, Germany) and blocked with a blocking buffer containing 1%
BSA (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and 0.15 M sucrose (Sigma-Aldrich,
Taufkirchen, Germany) dissolved in PBS. Plates were probed with sera serially diluted
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3-fold in PBS/1% BSA (Carl Roth GmbH + Co. KG), starting with a dilution of 1:100. Plates
were probed with goat anti-mouse IgG HRP (1:2000; Agilent Dako, Glostrup, Denmark).
After washing, plates were incubated with a 3,3',5,5'-Tetramethylbenzidine (TMB) Liquid
Substrate System for ELISA (Sigma Aldrich, Taufkirchen, Germany) and the reaction was
stopped using a Stop Reagent for the TMB substrate (450 nm, Sigma-Aldrich). The ab-
sorbance was measured at 450 nm with a 620 nm reference wavelength using a Spark®
multimode microplate reader (Tecan Trading AG, Médnnedorf, Switzerland). ELISA data
were normalized using the positive control SARS-CoV-2 N-protein antibody (clone HL455-
MS, 1:10.000; GeneTex, Irvine, CA, USA). The cut-off value for positivity was determined
by calculating the mean OD 450 nm values of the mock vaccination/mock challenge control
group plus 6 standard deviations (mean + 6 SD).

2.13. T Cell Analysis by Flow Cytometry

To characterize T cells in the spleen, lung, brain, and whole blood, cells were isolated
and analyzed using flow cytometry. Lung and brain tissues were cut with scissors into
small pieces prior to digestion with a Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% FCS, 0.5 mg/mL of DNase (lung) or 0.1 mg/mL of DNase (brain)
(Roche, Merck KGaA, Darmstadt, Germany), and 1 mg/mL of collagenase (GENAXXON
bioscience GmbH, Ulm) for 30 min at 37 °C. Digested lung and brain tissue as well as
spleens were smashed through a 70 um strainer (Falcon®, Sigma-Aldrich, Taufkirchen,
Germany) and again flushed with RPMI-10 (RPMI 1640 medium containing 10% FBS, 1%
penicillin-streptomycin; Sigma-Aldrich, Taufkirchen, Germany). Next, red blood cells
were lysed while incubating the cell suspension with a Red Blood Cell Lysis Buffer (Sigma-
Aldrich, Taufkirchen, Germany). After washing once, cells were resuspended in 1 mL
of a RPMI-10 medium. Cell counts for the lung and spleen were measured with the
MACSQuant (Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) and dead
cells were visualized by using propidium iodide (PI, 1:10). Approximately 3 x 10° cells
of isolated splenocytes and lung cells in 50 uL of PBS supplemented with 3% FCS, as
well as 50 pL of whole blood and 50 pL of an isolated brain cell suspension, were first
incubated with SARS-2-5-, SARS-2-N-, or MVA-peptide-loaded tetramers (Tetramer Shop).
The H-2kb tetramers were loaded with the immunodominant S-peptide Sygy, (539-546,
VNFENFNGL [42], PE-conjugated), the immunodominant N-protein peptide Nj19 (219-227,
LALLLLDRL [43], Brillant Violet 421-conjugated), or the immunodominant peptide for
the vaccinia virus WR epitope B8Ryg 27 (MVAggr, 2027, TSYKFESV [44], APC-conjugated)
for the analysis of specific T cells. Additional surface marker staining was conducted
using monoclonal antibodies against CD3-PE-Vio770 (Miltenyi Biotec), CD4-FITC (Miltenyi
Biotec), CD8-PerCP (Miltenyi Biotec), and CD44-BV510 (BioLegend, San Diego, CA, USA)
for the initial characterization of T cells. To exclude dead cells, a LIVE/DEAD™ Fixable
Near-IR Dead Cell Stain Kit (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA)
was used according to the manufacturer’s instructions. Cells were measured with the
MACSQuant Analyzer 10 (Miltenyi Biotec) and analyzed with MACSQuantify Software
(Miltenyi Biotec, version number: 2.13.3). Samples from unvaccinated and unchallenged
K18-hACE2 mice, as well as unstained samples from vaccinated and challenged mice,
were used to subtract background signaling especially for determining a tetramer-specific
signal. Using gating strategies, specific CD8" T cells (indicated by anti-CD3, anti-CD8, and
tetramer staining) were also characterized as activated T cells (CD44%).
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2.14. T Cell Analysis by Enzyme-Linked Immunospot (ELISpot)

To determine specific T cells in the spleen and lung, cells were isolated and re-
stimulated using single peptides and one overlapping peptide pool. For this, lung tis-
sues were cut with scissors into small pieces prior to digestion with RPMI 1640 sup-
plemented with 10% FCS, 0.5 mg/mL of DNase (Roche, Merck KGaA, Darmstadt, Ger-
many), and 1 mg/mL of collagenase (GENAXXON bioscience GmbH, Ulm) for 30 min
at 37 °C. Digested lung tissue as well as spleens were smashed through a 70 um strainer
(Falcon®, Sigma-Aldrich, Taufkirchen, Germany) and again flushed with RPMI-10 (RPMI
1640 medium containing 10% FBS, 1% penicillin—streptomycin; Sigma-Aldrich, Taufkirchen,
Germany). Next, red blood cells were lysed while incubating the cell suspension with a Red
Blood Cell Lysis Buffer (Sigma-Aldrich, Taufkirchen, Germany). After washing once, cells
were resuspended in 1 mL of the RPMI-10 medium. Cell counts were measured with the
MACSQuant (Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) and dead cells
were visualized by using propidium iodide (PI, 1:10). Approximately 3 x 10* cells of iso-
lated splenocytes and lung cells were stimulated with the immunodominant peptides Syg.
(539-546, VNFNFENGL) of the S-protein or Npj9 (219-227, LALLLLDRL) of the N-protein of
SARS-CoV-2 or B8Ryg 27 of MVA (MVAggR; 2027, TSYKFESV). Additionally, a peptide pool
comprising the whole N-protein of SARS-CoV-2 was used for stimulation, which consists
of 59 overlapping peptides (1 nug of peptide/mL of RPMI 1640). Peptides and the pep-
tide pool were obtained by JPT Peptide Technologies (Berlin, Germany). Non-stimulated
cells, phorbol myristate acetate (PMA), and ionomycin (SIGMA-ALDRICH, Taufkirchen,
Germany) were used as negative and positive controls of stimulation. Cells together with
stimulants were placed on plates with PVDF membranes (Mabtech, Nacka, Sweden), which
were pre-coated with a mouse-specific anti-IFN-y monoclonal antibody (Mabtech, Nacka,
Sweden) and incubated for 36 h at 37 °C. The IFN-y production of stimulated cells was
determined by a biotinylated anti-IFN-y monoclonal antibody. After incubation and several
washing steps, streptavidin ALP followed by a BCIP/NBT-plus substrate was added. Spots
were scanned and analyzed using ImmunoSpot by C.T.L. and counted with an automated
ELISpot Reader ImmunoSpot S6 ULTIMATE UV Image Analyzer (Immunospot, Bonn,
Germany) and further analyzed with ImmunoSpot 7.0.20.1 software. The background
signal, determined using control samples without peptide stimulation, was subtracted
from each sample value.

2.15. Immunohistochemistry of Lung and Brain Tissue

Immunohistology was performed on formalin-fixed, paraffin-embedded tissue sec-
tions as previously described to detect and/or quantify the presence of a SARS-CoV-2
antigen [45,46]. The Dako EnVision+ polymer system (#K4001 and #K4003, Dako Agilent
Pathology Solutions, Santa Clara, CA) served for immunolabeling of the SARS-CoV-2
antigen using either a polyclonal rabbit antibody specific for the S2-subunit (SARS-CoV-2-5,
#40590-T62, 1:4000, Sino Biological Europe GmbH, Eschborn, Germany) on lung tissue or
a monoclonal mouse antibody directed against the SARS-CoV-2 N-protein (SARS-CoV-2-
N, #40143-181 MMO05; 1:16,000, Sino Biological Europe GmbH, Eschborn, Germany) on
brain tissue. Heat-induced antigen retrieval was performed in Na2H2EDTA and citrate-
Na2H2EDTA for 20 min in a microwave at 800 W, respectively. Primary antibodies were
incubated overnight at 4 °C. Mock-infected K18-hACE2 mice served as negative controls.
In addition, specific primary antibodies were substituted with serum from non-immunized
rabbits or ascites from non-immunized BALB/cJ mice as additional negative controls.

2.16. Digital Image Analysis

Tissue sections immunostained for SARS-CoV-2-5 and -N were digitalized using the
Olympus V5200 slide scanner (Olympus Deutschland GmbH, Hamburg, Germany) and
a digital image analysis was performed using the open source software package QuPath
(version 0.4) for a digital pathology image analysis [47]. For each animal, the evaluation
was performed on one digital slide containing whole tissue sections of the right cranial and
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medial lung lobes or one longitudinal brain section including the cerebrum and brain stem.
For all analyzed images, an individual color deconvolution was performed for the optimal
identification of the hematoxylin and DAB signal on the slides.

Lung tissue was detected automatically on the analyzed slides using a stain-specific
pixel classifier based on digital thresholding of the green color channel and the size ex-
clusion of objects smaller than 106 um?. Individual cells were subsequently identified
using an automated script of the QuPath feature “cell detection”. Within this feature,
individual nuclei were identified based on a nuclear hematoxylin stain threshold and size
exclusion of objects smaller than 10 um? or larger than 400 pm?2. The expansion of the
digital cell body was set to a radius of 10 pm around each detected nucleus. To determine
the amount of immunolabeled cells, an object classifier based on a random tree machine
learning algorithm was trained by a veterinary pathologist on three representative images
of the SARS-CoV-2-S staining by annotating > 100 immunopositive and -negative cells
per image. The percentage of immunolabeled cells for each annotated tissue section was
calculated automatically.

On brain sections, tissue was detected using individually adjusted pixel classifiers,
thresholding the average signal of the red, green, and blue channel. Cerebral and brain stem
tissue was annotated by a veterinary pathologist as regions of interest (ROIs). Immunola-
beled areas within these ROIs were thereafter assessed using a pixel classifier measurement
based on one DAB channel threshold for all slides.

2.17. Statistical Analysis

Data were prepared using GraphPad Prism 9.0.0 and expressed as the mean =+ standard
error of the mean (SEM) or median = interquartile range. Data were analyzed by a One-way
ANOVA or Kruskal-Wallis Test to compare 3 or more groups. A p value of less than 0.05
was used as the threshold for statistical significance.

2.18. Study Approval

All animal experiments working with the infectious SARS-CoV-2 virus under BSL-3
conditions were handled in compliance with the European and national regulations for ani-
mal experimentation (European Directive 2010/63/EU; Animal Welfare Acts in Germany)
and the “Niedersdchsisches Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit”
(LAVES, Lower Saxony, Germany).

3. Results
3.1. Generation and Characterization of the Candidate Vaccines MVA-N and MVA-ST/N

For the generation of MVA-based candidate vaccines expressing SARS-2-N either alone
or in combination with SARS-2-ST, cDNA containing the entire gene sequence encoding for
SARS-2-N from the virus isolate Wuhan HU-1 (GenBank 126 accession no. MN908947.1)
was placed under the transcriptional control of the enhanced synthetic vaccinia virus
early/late promoter PmHS5 in the MVA vector plasmid pL-W73_SARS-2-N and integrated
by homologous recombination into the intergenomic regions of the open reading frames
069R and 070L of the MVA genome ([36]; Figure 1A). For the generation of the single MVA-
SARS-2-N virus (MVA-N), we used the non-recombinant MVA virus (isolate F6 [9,48]) as
the backbone virus. For the generation of the multivalent MVA-SARS-2-ST/N (MVA-ST/N)
expressing the SARS-2-N and the SARS-2-ST in the same virus, we used the MVA-SARS-2-
ST virus (MVA-ST) [10] as the backbone virus and integrated the gene encoding sequence
for the N-protein as described above (Figure 1A).



Viruses 2024, 16, 417

10 of 29
A [mvan —_ B
Deletion sites | Y ! fank1 ¥ flank2 v u, . 10%;-e- CEF MVA-Sars-N
-e- CEF MVA
MVA genome - 108174 Hacat MVA-Sars-N P
-a- HacatMVA .-~ “e—"TTv-----
F recombinc 107+
flank-1 flank-2
Vector pasmid o g
pL-W73_SARS-2-N A PmHS 2 2
a 405~
104+
s h et 2
10 Thnsosc o de----eTIIEEIRRIIILOL.LL. A
MVA-N Vs Y
del PmHS T i i
0 20 40 60 80
hours post infection
y! major deletion sites by ':' v
MVA genome — .
deletion m 1089
fobl, Lol -o- Df-1 MVA-Sars-ST/N
108 -+ Df-1 MVA
-&- Hacat MVA-Sars-ST/N o
fank-1 fank-2 |+ HacatMvA ___.--"77
Vector plasmid
p i
pllIH5red_SARS-2-ST del del P _
E
~
069R-070L &
Xy fankt ¥ flank2 ¥ , v
MVA-ST R _sasast
flank-1 flank-2
Vector plasmid - - S s
pL-W?73_SARS-2-N i 102+ y y
- 0 20 40 60 80

hours post infection

MVA-ST/N B wsaw | 2~
del PmMS del PmHS
£
C § < D
MVA-ST/N = = % -

waO 4 8 12 24 48 48 48 i Wa S g
lQOkDa—.:Zg - N - - =

130 anti-S2

72
49.5KDa m— > pa————__ X ] S5

a3 anti-N

MVA-N

72
49.5kDa w— 55

a3

MVA

Mock

MVA-N

MVA-ST/N

<
z 5
< <
> >
s S (24n)
anti-S2
l I anti-N
anti-Hsp90

Figure 1. Construction and in vitro characterization of MVA-N and MVA-ST/N. (A) Schematic
diagram of the MVA genome with the major deletion sites I to VI. MVA-SARS-2-N (MVA-N): The
intergenomic region 069R and 070L of the MVA genome was targeted by inserting the gene sequence
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encoding the N-protein of SARS-CoV-2 from the virus isolate Wuhan HU-1 under the control of
the vaccina virus promoter PmH5. Repetitive sequences served to remove the GFP-marker gene by
intragenomic homologous recombination (marker gene deletion) to generate MVA-N. MVA-SARS-2-
ST/N (MVA-ST/N): The site of deletion III was targeted by inserting the gene sequence encoding
the stabilized S-protein (ST) of SARS-CoV-2 under transcriptional control of the vaccinia virus
promoter PmHD5. Repetitive sequences served to remove the mCherry marker gene by intragenomic
homologous recombination (marker gene deletion) to generate MVA-SARS-2-ST (MVA-ST) [10]. The
N-protein of SARS-CoV-2 was inserted into MVA-ST as described for MVA-N to generate MVA-ST/N.
(B) Multiple-step growth analysis of recombinant MVA-N and MVA-ST/N. CEF or DF-1 cells as well
as human HaCat cells were infected at a multiplicity of infection (MOI) of 0.1 with MVA, MVA-N, or
MVA-ST/N and samples were collected at the indicated time points. Samples were titrated on CEF
monolayers, and plaque-forming units (PFUs) were determined. Differences between the groups
were analyzed, determining the area under the curve (AUC) prior to analysis by Kruskal-Wallis Test.
(C,D) Synthesis of the SARS-2-ST and SARS-2-N protein by MVA-N and MVA-ST/N. (C) Western blot
analysis of SARS-2-52 and SARS-2-N in lysates of MVA-ST/N-infected cells indicating synthesis of S-
and N-protein and Western blot analysis of SARS-2-N in lysates of MVA-N-infected cells indicating
synthesis of N-protein. DF-1 cells were infected with an MOI of 5 with mock control, MVA, MVA-N,
or MVA-ST/N and collected 0, 4, 8, 12, 24, and 48 h post infection (hpi). Polypeptides in cell lysates
were detected using a monoclonal antibody against SARS-2-S2 and SARS-2-N. (D) Western blot
analysis of SARS-2-52 and SARS-2-N in lysates of MVA-N- and MVA-ST/N-infected cells indicating
synthesis of S- and N-protein. Analysis of Hsp90 served as positive control. DF-1 cells were infected
with an MOI of 5 with mock control, MVA, MVA-N, or MVA-ST/N and collected 24 h post infection
(hpi). Polypeptides in cell lysates were detected using a monoclonal antibody against SARS-2-52
and SARS-2-N. (E) Double immunofluorescent staining for SARS-2-N and SARS-2-52 in MVA-N-
and MVA-ST /N-infected Vero cells (MOI = 0.1; 17 hpi). Non-infected Vero cells (mock) and cells
infected with non-recombinant MVA (MVA) served as controls. Permeabilized infected cells were
probed with a monoclonal antibody directed against SARS-2-N or the S2-domain of SARS-CoV-2.
Polyclonal goat anti-mouse antibody or polyclonal goat anti-rabbit antibody served to visualize
red and green fluorescence for N-specific (green) and S-specific (red) fluorescence staining. Cell
nuclei were counterstained with DAPI (blue). The yellowish color in the merge image indicates the
overlapping of the red (S-protein) and green (N-protein) colors. Scale bar: 50 um.

Genetic integrity of the recombinant MVAs was confirmed by the PCR analysis of viral
DNA, demonstrating the site-specific insertion of the gene sequences from N-protein and
S-protein of SARS-CoV-2 as well as the absence of non-recombinant MVA or MVA-ST and
the proper removal of the GFP-marker gene (Figure S1A,B). Furthermore, genetic stability
of the recombinant MVA viruses was confirmed by PCR targeting the six major deletion
sites and the C7L gene locus of MVA (Figure S1C,D). The recombinant viruses replicated
efficiently in chicken embryo fibroblasts (CEFs) or DF-1 cells, but not in the human HaCat
cells (Figure 1B). To further characterize the expression pattern of the recombinant SARS-2-
N and SARS-2-5T, total cell lysates from CEF cells infected with MVA-N or the multivalent
MVA-ST /N were analyzed by a Western blot. The mouse monoclonal antibody directed
against the N-protein revealed one prominent protein band that migrated with molecular
masses of ~49.5 kDa (Figure 1C). In general, for both recombinant MVA viruses, N-protein
synthesis was first detected at 8 h post infection (hpi) and synthesis further increased over 24
to 48 hpi (Figure 1C). For lysates from cells infected with the multivalent MVA-ST /N virus,
we detected an additional band at ~190 kDa when using a monoclonal antibody directed
against the S2-subunit of the S-protein (Figure 1C). The Western blot analysis directly
comparing the expression pattern of MVA-N and MVA-ST/N at 24 hpi confirmed these
results (Figure 1D). Next, we used immunofluorescent staining with SARS-2-N-specific
primary antibodies and SARS-2-52-specific primary antibodies against the S2-domain of
the S-protein to analyze the expression of the SARS-CoV-2 proteins on the cell surface as
well as the trafficking upon MVA-N or MVA-ST/N infection in Vero cells (Figure 1E). In
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control cultures infected with non-recombinant MVA or cells that remained un-infected, we
did not observe any background staining. Upon infection with the MVA-N or MVA-ST/N,
we observed a reticular pattern with a juxtanuclear accumulation of N-protein. To further
investigate the distribution patterns of SARS-2-ST, we also performed immunostaining of
infected cells using the S2-specfic antibody. Here, we specifically detected the S-protein
only in cells infected with MVA-ST/N, indicating abundant S-protein synthesis (Figure 1E).

3.2. Single Vaccination with MVA-ST/N Induces Robust Protection against a Lethal SARS-CoV-2
Challenge Infection in K18-hACE2 Mice

To assess the immunogenicity and efficacy of the MVA-ST, MVA-N, and MVA-ST/N
candidate vaccines after a single shot vaccination, we used the transgenic K18-hACE2
mice, a lethal mouse model for SARS-CoV-2 infection. We vaccinated the mice once with a
standard dosage of 1 x 108 PFU of MVA-ST (1 = 7), MVA-N (1 = 8), MVA-ST/N (n = 8), or
MVA (n = 4) as a vector control by the intramuscular route. Additionally, one group of mice
received only PBS as mock vaccination (1 = 4). A total of 4 weeks after prime vaccination,
all mice were intranasally (i.n.) infected with a lethal dose of a 3.6 x 10* TCIDs, of SARS-
CoV-2 (BavPatl), followed by daily body weight measurements and clinical scoring. A total
of 8 days post infection, all mice were euthanized, and organ samples were taken to analyze
viral load and immune responses. Mice belonging to the control groups (PBS, MVA) started
to lose weight around 3 days post infection (3 dpi) with a mean of 4% weight loss for PBS
and 2.3% weight loss for MVA of initial body weight. Additionally, MVA-N-vaccinated mice
also lost weight starting at 3 dpi with a mean of 3.1% weight loss from initial body weight
(Figure 2A). They suffered from disease by showing SARS-CoV-2-specific clinical symptoms
and showed further weight loss with a mean of 15.3% weight loss (PBS), 23.1% weight
loss (MVA), and 18.4% weight loss (MVA-N) of initial body weight and all succumbed to
infection or had to be euthanized by day 6.

MVA-N-vaccinated mice, very comparable to the control-vaccinated mice, suffered
from substantial weight loss, comprising a mean of 18.4% weight loss from the initial body
weight, and SARS-CoV-2-specific symptoms on day 6 post infection (Figure 2A-C). For
the control-vaccinated animals, we detected high levels of SARS-CoV-2 RNA in the upper
respiratory tract as analyzed by RT-qPCR of oropharyngeal swabs on day 4 and the day of
death (final) with a mean titer of 5.9 x 103 RNA copy numbers/uL (PBS) and 4.8 x 103 RNA
copy numbers/uL (MVA) on day 6 post challenge (Figure 2F). Control mice also showed
high titers of the infectious virus in the lungs with a mean titer of a 7.2 x 10 TCID5o/mL
(PBS) and a 3.5 x 10* TCIDs, ,mL (MVA) and even higher titers in the brain with a mean
titer of 2 9.9 x 10® TCIDsy/mL (PBS) and a 1.9 x 107 TCIDso/mL (MVA) as analyzed by
TCIDsy (Figure 2D). These data were further confirmed by the RT-qPCR analysis targeting
the gene of the RNA-dependent RNA polymerase (RDRP) of SARS-CoV-2 with mean titers
of 3.3 x 10® RNA copy numbers/uL (lung) and 4.4 x 10 RNA copy numbers/uL (brain)
for the PBS group as well as 3.2 x 10® RNA copy numbers/uL (lung) and 8.4 x 107 RNA
copy numbers/uL (brain) for the MVA group (Figure 2E). In MVA-N-vaccinated mice, we
detected high levels of SARS-CoV-2 RNA in the upper respiratory tract shown by a mean
of 3.4 x 10° RNA copy numbers/pL on day 4 post infection and a mean of 7 x 103> RNA
copy numbers/pL on the day of death (final) (Figure 2F). MVA-N-vaccinated mice showed
substantial infectious SARS-CoV-2 titers in the lungs (mean of 1.6 x 10* TCID5;,mL)
and in the brain (mean of 4.7 x 10”7 TCIDs, ,mL) (Figure 2D). These results were further
confirmed by the RT-qPCR analysis with a mean of 1.1 x 10° RNA copy numbers/uL for
the lung and 1.8 x 108 RNA copy numbers/ uL for the brain (Figure 2E). All MVA-ST- and
MVA-ST /N-vaccinated mice seemed to be fully protected against the challenge infection
without any body weight loss or any obvious clinical signs (Figure 2A-C). We did not
detect any titers of the infectious virus in the lungs and brains of MVA-ST- and MVA-ST/N-
vaccinated mice (Figure 2D). These data were further confirmed by data from viral RNA
in the lungs (MVA-ST with a mean of 5.8 x 10> RNA copy numbers/pL and MVA-ST/N
with a mean of 8.3 x 10 RNA copy numbers/uL), in the brains (MVA-ST with a mean
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of 3 x 10* RNA copy numbers/uL and MVA-ST/N with a mean of 1 x 10> RNA copy
numbers/uL), and in oropharyngeal swabs (MVA-ST with a mean of 3.6 x 10! RNA copy
numbers/uL and MVA-ST/N with a mean of 1 x 10! RNA copy numbers/uL for final
swabs) (Figure 2E,F). We did not detect obvious titers of neutralizing antibodies (nABs) in
control- and MVA-N-vaccinated animals before the challenge infection. After SARS-CoV-2
infection, control-vaccinated mice and MVA-N-vaccinated mice mounted detectable levels
of SARS-CoV-2 nAB (mean titer of 1:1860 PRNT5, for PBS, mean titer of 1:187.5 PRNT5 for
MVA, and mean titer of 1:296.25 PRNT5( for MVA-N-vaccinated animals) (Figure 3A).
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Figure 2. Clinical scoring and viral load after SARS-CoV-2 infection of vaccinated mice. K18-hACE2
mice were intranasally infected with SARS-CoV-2 28 days after intramuscular single vaccination with
MVA-ST (n = 7), MVA-N (1 = 8), or MVA-ST/N (n = 8) with a dose of 1 x 10% PFU. Empty MVA
vector control (1 = 4) or PBS (mock-vaccinated animals, 7 = 4) were used as controls. Body weight
changes, clinical scores, viral loads, and immunogenicity were determined. (A) Body weight change,
(B) survival, and (C) clinical symptoms were monitored daily after challenge infection. (D) Lungs and
brains were taken at the time point of death and analyzed for the amounts of infectious SARS-CoV-2
using TCIDs assay. (E) Lungs and brains were analyzed for viral RNA (RDRP) of SARS-CoV-2 via
RT-qPCR. (F) At 4 days post infection and on the day of death, oropharyngeal swabs were taken
and analyzed for viral RNA (RDRP) of SARS-CoV-2. Differences between the groups were analyzed,
determining the area under the curve (AUC) (A) prior to analysis by Kruskal-Wallis Test (A,C-F).
Asterisks represent statistically significant differences between two groups: * p < 0.05, ** p < 0.01,
*** p < 0.001.



Viruses 2024, 16, 417 14 of 29
A c (Splenocytes) (Splenocytes)
. 101 Gated on live CD8' Cells 104 Gated on live CD8" Cells
r .
. MVA 044" S5 MVA-ST/N 038" Sy **
15,000, pas / ,, 2000 o
. A oo e —
* MVA-ST 1 :
*  MVAN . 2 1500 »
10,000 * MVA-STN %‘ 5
8 — > .
Z . “ o 10 10 ° 1000
L= - - - :
5000 - *
* o = 500 * Se
o =4 EE H . X
3 ¥ £of 2, 8 — e
0! eeee - 0—*0 > 3 Rleesass 2 i ey 0 —*—,—“;’ e e S
do d18 final -1 mid 1 10 10° 10" -1 CD“:‘ 1 10° 10° 10° SVBL N2|9
B D (Lung Cells) (Lung Cells)
100 GlIVIH Dnlwl Fli!‘F,ll} 1o Gated on live CD8* Cells
Faa t 1 mva CD44" Sy MVA-ST/N ity
. —
5 2000 - * C
] 102 1 °
Z 1000 . .o 8
E) g
v ] 400 « El
2 P
E 300+ e o o 1 *
© *
= 200 b
3 b=
§ 100 2] 3 3
9 -1 * ¢ * 0 2 s
z ?m Lo 38
]
0= * > * Tl ks St A :
1 i 1 5 = p
do d18 final o L1 ¥ A y
b S v
200 6000 Ly 2 15,000 » 15,000 -
2 ° < ° © .
@ 150~ g H = 2 a2
8 3 4000 = 10,000 . 3 10,000 s 3
Eg - z " & — < .
€% 100 . - & %
33 P = 29 < s *
oo  — 3 2000 » 5 5000 S 5000 *
£ 504 o & ] . Q . Q .
g . & X3 @ %
o * > -
* - * z .
@ “ g 3 o *
0 - -——t0r—— 0Lt @ e = 0l-a%s Jfepoe “eosped = 0o o ‘eooe ‘eeds
SvaL Nag Syal Naig SvaL N21g N Pool SvaL Nz1g N Pool

Figure 3. Inmune responses of vaccinated mice after infection with SARS-CoV-2. K18-hACE2 mice
were challenged with SARS-CoV-2 28 days after intramuscular vaccination with 1 x 108 PFU of
MVA-ST (n =7), MVA-N (n = 8), MVA-ST/N (n = 8), empty MVA (n = 4), or PBS (n = 4). Serum was
taken before (d0), 18 days (d18) after immunization, as well as upon death. Cells were isolated from
spleens, lungs, and brains on the day of death. Sera were analyzed for (A) neutralizing antibodies
with PRNT5g assay as well as for (B) N-specific antibodies with ELISA. (C-F) Splenocytes (C), lung
cells (D), brain cells (E), and whole blood samples (F) were analyzed for specific T cells against the
immunodominant peptide of the S-protein (Sygr ) and the N-protein (N19) of SARS-CoV-2 using flow
cytometry. (G,H) Splenocytes (G) and lung cells (H) were additionally analyzed after stimulation with
Svsr, Naig, or N-peptide pool (N Pool) for IFN-y spot-forming cells (SFCs) measured by ELISPOT
assay. Differences between the groups were analyzed by Kruskal-Wallis Test. Asterisks represent
statistically significant differences between two groups: * p < 0.05, ** p < 0.01, ** p < 0.001.

Single vaccination with MVA-ST and MVA-ST/N induced the production of nAB
against SARS-CoV-2 before the challenge and 18 days post vaccination with a mean titer of
1:788 PRNTj5( for MVA-ST and 1:2640 PRNT5y for MVA-ST /N. These titers were further
boosted after challenge infection on day 28 (Figure 3A). Here, mice mounted a mean titer of
1:5074 PRNTS5( for MVA-ST and 1:5880 PRNT5 for MVA-ST /N-vaccinated animals. Before
challenge infection, we also did not detect substantial titers of N-specific antibodies in
control- or MVA-ST-vaccinated mice. In contrast, MVA-ST /N-vaccinated mice showed
significant titers after vaccination with a mean titer of 1:300, which further increased after
challenge infection (mean titer of 1:762) (Figure 3B). For the characterization of T cells
after challenge infection at the end of the experiment, the IFN-y-based ELISpot assay
from the lung and spleen and flow cytometry using SARS-CoV-2-specific tetramer staining
were performed from blood, lungs, spleens, and brains (Figures 3C-H, S2 and S3). The
MVA-ST and MVA-ST /N vaccination induced substantial levels of Syg -specific T cells
(CD8* CD44" Syg.*) in the blood (mean of 9 x 10 counts/mL for MVA-ST, mean of
2.2 x 103 counts/mL for MVA-ST/N) analyzed by flow cytometry (Figure 3F). For the char-
acterization of Sygp -specific T cells (CD8* CD44" Sygp*) in the spleen, we detected a mean
of 3.9 x 10? counts/10° splenocytes for MVA-ST and a mean of 5.5 x 102 counts/10° spleno-
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cytes for MVA-ST/N by flow cytometry (Figure 3C). We observed significant Syg; -specific
T cell levels for MVA-ST (mean of 8.7 x 102 of IFN-y SFCs/10° splenocytes)- and MVA-
ST/N (mean of 2.5 x 10® of IFN-y SFCs/10° splenocytes)-vaccinated animals shown
by ELISpot (Figure 3G). These data were further confirmed in the lung with a mean of
2.9 x 10° counts/10° lung cells (flow cytometry) and 7.2 x 103 of IFN-y SFCs/10° lung
cells (ELISpot) for MVA-ST as well as 2.6 x 10° counts/10° lung cells (flow cytometry)
and 9.6 x 10° of IFN-y SFCs/10° lung cells (ELISpot) for MVA-ST/N (Figure 3D,H). In-
creased titers of Npjg-specific T cells (CD8* CD44* Ny19™) were found in brains of MVA-
N-vaccinated animals with mean titers of 1.3 x 10! counts/10° of brain cell suspension
(Figure 3E). Npj9-specific T cells (CD8* CD44" Ny19*) were rarely found in the lungs of
control animals with a mean of 7 x 10! counts/10° lung cells for PBS and a mean of
8.8 x 10! counts/10° lung cells for MVA-vaccinated mice. Vaccination with MVA-ST, MVA-
N, and MVA-ST/N revealed higher titers of Npjg-specific T cells (CD8* CD44" Nj19*)
in the lungs with a mean of 8.5 x 10! counts/10° lung cells for MVA-ST, a mean of
1.5 x 102 counts/10° lung cells for MVA-N, and a mean of 1 x 102 counts/100 lung cells for
MVA-ST /N-vaccinated mice (Figure 3D). MVAggr-specific T cells (CD8* CD44" B8Ryp_o7*)
could not be found in unvaccinated animals (PBS), whereas marginal amounts were found
in MVA- and MVA-N-vaccinated mice. More abundant amounts of MVAggr-specific T
cells were found in MVA-ST- and MVA-ST/N-vaccinated mice with significant titers in the
spleen, lung, and blood of MVA-ST/N-vaccinated animals, shown by the flow cytometry
(Figure S4A-D) and ELISpot analysis (Figure S4E,F). These results were further confirmed
by pathohistological results from the lungs and the brains (Figure 4).

Here, control-vaccinated mice (PBS and MVA) and MVA-N-vaccinated mice revealed
significant amounts of a SARS-2-S antigen in the lungs (mean of 15.7% SARS-2-S-positive
(+) cells for PBS, mean of 8.6% SARS-2-S+ cells for MVA, and mean of 5.1% SARS-2-5+ cells
for MVA-N). For MVA-ST- and MVA-ST/N-vaccinated mice, the amount of an S-antigen in
the lungs was significantly reduced with a mean of 2.8% SARS-2-5+ cells for MVA-ST and
a mean of 2.1% SARS-2-5+ cells for MVA-ST/N (Figure 4A). The quantitative evaluation
of the viral antigen staining in the brains revealed a large area, coalescing to diffuse areas
with numerous N-positive neurons, located in the cerebrum and brain stem. The control-
vaccinated mice reached a mean of 1.4% SARS-2-N+ area for PBS and 2.0% SARS-2-N+
area for MVA-vaccinated animals. MVA-N-vaccinated animals also mounted substantial
N-positive areas (mean of 1.3% SARS-2-N+ area). For MVA-ST- and MVA-ST/N-vaccinated
animals, these areas were significantly reduced with a mean of 0.004% SARS-2-N+ area for
MVA-ST and 0.009% SARS-2-N+ area for MVA-ST /N vaccination (Figure 4B).

3.3. MVA-ST/N Emergency Vaccination 2 Days before a Lethal SARS-CoV-2 Challenge Infection
Resulted in Delayed Outcome of Disease and Death

Based on the results from single vaccination, we further aimed to test the MVA-ST/N
candidate vaccine for its capacity to rapidly protect after single vaccination. Mice were
vaccinated (i.m.) with MVA-ST/N (n = 7), MVA as a vector control (n =7), or PBS as a mock
control (n = 7). Two days after the emergency vaccination, all mice were challenged (i.n.)
with a lethal dose of a 3.6 x 10* TCIDs, of SARS-CoV-2 (BavPat1) as established before.
Body weight changes as well as the development of clinical symptoms were measured
daily. Based on the cumulative clinical score, the mice were euthanized, and organ samples
were prepared for the characterization of viral load and immune responses. All animals
(PBS, MVA, MVA-ST/N) started to lose body weight at 3 days post infection (3 dpi) with a
mean of 1.1% weight loss for PBS, a mean of 0.3% weight loss for MVA, and a mean of 3.9%
weight loss for MVA-ST /N-vaccinated mice, followed by further significant body weight
loss until 5 dpi (Figure 5A).
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Figure 4. Immunohistochemistry of lung and brain tissue after single vaccination. Lungs and
brains were sampled 6-8 days post challenge infection with SARS-CoV-2 and stained for analysis of
SARS-CoV-2-antigen-positive cells. (A) Staining of lung sections for SARS-2-S antigen. While the
overall signal within the vaccination groups remained low in comparison to PBS-treated animals,
high amounts of immunopositive cells could be observed multifocally in an individual animal of
PBS, MVA, and MVA-N groups. High magnification pictures of stained lung tissue, scale bars:
50 um. (B) Staining of brain sections for SARS-2-N+ showing numerous positive neurons spreading
throughout the thalamus of animals from PBS, MVA, and MVA-N groups, in contrast to those
immunized with MVA-ST or MVA-ST/N. Accordingly, groups treated with MVA-ST and MVA-ST/N
show a significant decrease in positive-SARS-2-N+ area% in comparison to the PBS, MVA, and
MVA-N groups in the cerebrum and brain stem. High magnification pictures of stained brain tissue,
scale bars: 100 pm. Differences between the groups were analyzed by Kruskal-Wallis Test. Asterisks
represent statistically significant differences between two groups: * p < 0.05, ** p < 0.01.
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Figure 5. Clinical scoring and viral load after SARS-CoV-2 infection of emergency-vaccinated mice.
K18-hACE2 mice were challenged with SARS-CoV-2 two days after intramuscular vaccination with
MVA-ST/N (108 PFU, n = 7), empty MVA (n = 7), or PBS (mock-vaccinated animals, n = 7). Body
weight changes, clinical scores, viral loads, and immunogenicity were determined. (A) Body weight
change, (B) survival, and (C) clinical symptoms were monitored daily after challenge infection.
(D) Lungs and brains were taken at the time point of death and analyzed for the amounts of infectious
SARS-CoV-2 using TCIDsj assay. (E) Lungs and brains were analyzed for viral RNA (RDRP) of
SARS-CoV-2 via RT-qPCR. (F) At 4 days post infection and on the day of death, oropharyngeal swabs
were taken and analyzed for viral RNA (RDRP) of SARS-CoV-2. Differences between the groups were
analyzed, determining the area under the curve (AUC) (A) prior to analysis by One-way ANOVA
(A,C) or Kruskal-Wallis Test (D-F). Asterisks represent statistically significant differences between
two groups: * p < 0.05, ** p < 0.01, ** p < 0.001.

Control-vaccinated mice showed a mean weight loss of 20.3% (PBS) and 19.9% (MVA)
from the initial body weight while the MVA-ST/N-vaccinated animals had a mean weight
loss of 16.1% of initial body weight on day 6, which remained stable until 8 days post
infection (Figure 5A). Additionally, all mice started to develop clinical signs, like ruffled
fur, enhanced breathing, and diminished activity at 4 dpi with a cumulative score ranging
from 1 to 3. Mice vaccinated with MVA-ST/N showed a milder clinical disease outcome as
measured by the clinical score sheet, as established before, five to six days post infection
compared to the control-vaccinated mice (Figure 5C). All control-vaccinated mice died
or had to be euthanized by day 6 due to progressed body weight loss and clinical signs
culminating in a total clinical score of 7; 8.71% (5 out of 7) of the MVA-ST /N-vaccinated
animals showed a longer survival rate than the control groups and were euthanized at
7 dpi (n = 2) or at the end of the experiment at 8 dpi (n = 3) with a cumulative score ranging
from 6 to 7 (Figure 5A-C). Oropharyngeal swabs were taken four days post infection (4 dpi)
and on the day of death and viral RNA titers were analyzed by RT-qPCR. Substantial viral
shedding was measured in the oropharyngeal swabs at day 4 for all animals (mean of
5.5 x 103 RNA copy numbers/uL for PBS, mean of 1.9 x 10° RNA copy numbers/ uL for
MVA, and mean of 2.2 x 103 RNA copy numbers/uL for MVA-ST/N). Significantly reduced
viral shedding was measured in oropharyngeal swabs of MVA-ST/N-vaccinated animals
on the day of death (final) with a mean of 6.7 x 10> RNA copy numbers/uL compared to
3.9 x 10° RNA copy numbers/ pL for PBS and 1.4 x 10° RNA copy numbers/uL for MVA
(Figure 5F). Lungs and brains were analyzed for viral load by TCID5y and the RT-PCR
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analysis. All mice from the control groups showed high titers of infectious SARS-CoV-2
in lungs and brains (median of 5 x 10* TCIDs, smL (lung) and 5 x 10° TCIDs, ,mL (brain)
for PBS, 5 x 10* TCIDx, ,mL (lung) and 5 x 10° TCIDs, ,mL (brain) for MVA) analyzed
by the TCIDsj assay (Figure 5D). These data were further confirmed by RT-qPCR for
viral RNA load with a mean of 1.2 x 107 RNA copy numbers/uL (lung) and a median
of 1.3 x 108 RNA copy numbers/uL (brain) for PBS as well as a mean of 2.2 x 107 RNA
copy numbers/uL (lung) and a median of 1.2 x 108 RNA copy numbers/uL (brain) for
MVA (Figure 5E). MVA-ST/N vaccination in the lung resulted in the absence of infectious
SARS-CoV-2, except for one mouse (Figure 5D). This was further confirmed for the RT-
gqPCR analysis where significantly lower titers of viral RNA in the lung were observed
with a mean titer of 3.7 x 10® RNA copy numbers/uL (Figure 5E). In the brains of the
MVA-ST /N-vaccinated mice, we detected substantially reduced titers of the infectious
virus (median of 8.9 x 10° TCIDs, ,mL) as well as viral RNA of SARS-CoV-2 (median of
7.6 x 107 copy numbers/uL) (Figure 5D,E). For the control-vaccinated mice, we did not
detect any obvious neutralizing antibody (nAB) titers or N-specific antibodies at the end of
the experiment. In contrast, MVA-ST/N vaccination 2 days before SARS-CoV-2 challenge
infection induced increased titers of nAB with a mean titer of 1:3600 PRNT5 (Figure 6A)
and N-specific antibodies with a mean of 1:2475 (Figure 6B).

Splenocytes and lung cells were prepared and blood was taken after challenge in-
fection at the end of the experiment to analyze the presence of T cells. The character-
ization of specific T cells in the spleen and lung was performed as established before
using ELISpot and a flow cytometry analysis (Figures S2 and S3). In addition, we also
used pools of overlapping peptides comprising the whole N-protein (N Pool) to further
characterize the N-specific T cells by the ELISpot assay. The phenotypic characterizations
of T cells in the blood, spleen, and lung were additionally performed using the flow cy-
tometry analysis. In the control-vaccinated mice, we detected levels of Sygy -specific T
cells in the spleen (mean of 4.3 x 10! of IFN-y SFCs/10° splenocytes for PBS, mean of
6 x 10! of IFN-y SFCs/10° splenocytes for MVA) and in the lung (mean of 4.4 x 10% of
IFN-y SFCs/10° lung cells for PBS, mean of 4.8 x 102 of IFN-y SFCs/10° lung cells for
MVA) by ELISpot (Figure 6C,D). MVA-ST /N-vaccinated mice mounted substantial levels
of SygL-specific T cells in the spleen with a mean of 2.5 x 102 of IFN-y SFCs/10° splenocytes
(Figure 6C) and even more elevated titers in the lung with a mean of 8 x 10° of IFN-y
SFCs/10° lung cells (Figure 6D). Of note, levels of Njjg-specific T cells were neglectable for
all mice. For a more detailed characterization of the specific T cell subsets, blood, spleno-
cytes, and lung cells were stained with CD3-, CD4-, CD8-, and CD44-specific antibodies
followed by staining with a Live/Dead Kit, and analyzed by flow cytometry (Figure 6E-G).
In control mice, we detected activated CD4 T cells (CD4* CD44") in the spleen with a
mean of 1 x 10° counts/10° splenocytes for PBS and 8.7 x 10* counts/10° splenocytes
for MVA-vaccinated animals. For activated CD8 (CD8* CD44%) T cells, we detected a
mean of 3.1 x 10* counts/10° splenocytes in PBS and 2 x 10* counts/10° splenocytes in
MVA (Figure 6E). MVA-ST /N-vaccinated mice mounted significantly higher levels of acti-
vated CD4 (CD4* CD44") and activated CD8 (CD8" CD44*) T cells in the spleen with a
mean titer of 1.5 x 10° counts/10° splenocytes for CD4 and 1 x 10° counts/10° spleno-
cytes for CD8 T cells. Lungs of control animals contained activated CD4 (CD4" CD44%)
and activated CD8 (CD8* CD44") T cells with mean titers of 5.6 x 103 counts/10° lung
cells for CD4 and 8.3 x 10% counts/10° lung cells for CD8 T cells in PBS mice as well
as mean titers of 1.3 x 10% counts/10° lung cells for CD4 and 2 x 10% counts/10° lung
cells for CD8 T cells in MVA-vaccinated animals (Figure 6F). MVA-ST /N-vaccinated an-
imals showed significantly increased numbers of activated CD4 (CD4* CD44") T cells,
with a mean of 3 x 10* counts/10° lung cells, and increased levels of activated CD8
(CD8" CD44") T cells, with a mean of 7.6 x 10* counts/10° lung cells, in the lung
(Figure 6F). One MVA-ST/N-vaccinated animal showed a high activated T cell count
in the blood after challenge infection, mounting 2.4 x 10* counts/mL for CD4 T cells
and 4.3 x 10* counts/mL for CD8 T cells (Figure 6G). Unvaccinated mice (PBS) did not
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show any MVAggr-specific T cells, neither in the spleen nor in the lung nor in blood, an-
alyzed by flow cytometry. We could confirm specific T cells targeted against the vaccine
vector MVA (CD8* CD44* B8Ryy»7") in control-vaccinated mice (MVA) with significant
amounts in the spleen (median of 1.2 x 10 counts/10° splenocytes), in the lung (mean
titers of 2.3 x 103 counts/10° lung cells), and in the blood (median of 3.6 x 102 counts/mL)
six days after challenge infection (Figure SSA-C), analyzed by flow cytometry. Similarly,
significant MVApgr-specific T cell titers (CD8* CD44* B8Ry(7") were observed in the lung
(mean of 1.6 x 10° counts/10° lung cells) as well as substantial titers in the spleen (median
of 2.5 x 102 counts/10° splenocytes) of MVA-ST /N-vaccinated mice (Figure S5A,B). We
also confirmed substantial amounts of MVAggr-specific T cells in spleens and lungs of
MVA- and MVA-ST/N-vaccinated mice by ELISpot analysis with a median of 2.9 x 102 of
IFN-y SFCs/10° splenocytes and 2.9 x 10% of IFN-y SFCs/10° lung cells for MVA as well
as 2.5 x 10! of IFN-y SFCs/10° splenocytes and 1.7 x 103 of IFN-y SFCs/10° lung cells for
MVA-ST /N-vaccinated mice (Figure S5D,E).
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Figure 6. Inmune responses of emergency-vaccinated mice after infection with SARS-CoV-2. K18-
hACE2 mice were challenged with SARS-CoV-2 two days after intramuscular vaccination with
MVA-ST/N (108 PFU, n =7), empty MVA (n =7), or PBS (mock-vaccinated animals, 7 = 7). Serum
was taken right before immunization (d0) and after death (final) and cells were isolated from blood,
spleens, and lungs after death. Sera were analyzed for (A) neutralizing antibodies with PRNT5
assay as well as for (B) N-specific antibodies in final serum with ELISA. (C,D) Splenocytes and lung
cells were analyzed after stimulation with the immunodominant peptide of the S-protein (Sygr), the
N-protein (N319), or N peptide pool (N Pool) of SARS-CoV-2 for IFN-y spot-forming cells (SFCs)
measured by ELISPOT assay. (E-G) Splenocytes, lung cells, and whole blood samples were analyzed
for activated T cells using flow cytometry. Differences between the groups were analyzed by Kruskal—-
Wallis Test. Asterisks represent statistically significant differences between two groups: * p < 0.05,
**p <0.01, ** p < 0.001.
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Pathohistological results of lungs and brains further confirmed these results (Figure 7).
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Figure 7. Inmunohistochemistry of lung and brain tissue after emergency vaccination. Lungs and
brains were sampled 6-8 days post challenge infection with SARS-CoV-2 and stained for analysis
of SARS-CoV-2-positive cells. (A) Staining of lung sections for SARS-2-S+ cells. Animals receiving
PBS and MVA treatment showed high amounts of SARS-2-S+ cells within the alveolar compartment,
while a significant reduction in antigen-positive cells was observed in animals that had received
the MVA-ST/N vaccine. High magnification pictures of stained lung tissue, scale bars: 50 pm.
(B) Staining of brain sections for SARS-2-N+ cells. Most of the control-vaccinated animals show
coalescing to diffuse distribution of positive neurons, in contrast to the immunized group with
MVA-ST /N, which presented only multiple foci of immunoreactive cells. Accordingly, the group
treated with MVA-ST/N shows a significant decrease in positive-SARS-2-N area% in comparison to
the PBS and MVA groups in the cerebrum and brain stem. High magnification pictures of stained
brain tissue, scale bars: 100 pm. Differences between the groups were analyzed by One-way ANOVA.
Asterisks represent statistically significant differences between two groups: * p < 0.05, ** p < 0.01.

Sections of lungs and brains were analyzed using immunohistochemistry (IHC) tar-
geting the SARS-2-S protein (lung) or the SARS-2-N protein (brain). Here, unvaccinated
mice (PBS) and control-vaccinated mice (MVA) showed significant immunolabeling for
SARS-2-S in the lungs shown by a mean of 21.3% SARS-2-5+ cells for PBS and 20.8%
SARS-2-5+ cells for MVA. Lungs of MVA-ST /N-vaccinated animals mounted significantly
less of a signal for the S-antigen as shown by a mean of 8.9% SARS-2-5+ cells (Figure 7A).
An immunohistological analysis of the brain sections revealed a large area, coalescing to
diffuse areas with numerous SARS-2-N+ neurons in brains of control-vaccinated mice with
a mean of 4.4% SARS-2-N+ area for PBS and a mean of 3.5% SARS-2-N+ area for MVA
(Figure 7B). MVA-ST /N-vaccinated mice showed significantly reduced immunolabeling
for the N-antigen in the brain with a mean of 0.7% SARS-2-N+ area (Figure 7B).

4. Discussion

This study demonstrates that single vaccination with a multiantigen MVA vaccine
co-expressing the SARS-CoV-2 S- and N-protein (MVA-ST/N) 28 days before a lethal
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SARS-CoV-2 infection induced robust respiratory and neurological protection in K18-
hACE2 mice. Moreover, MVA-SARS-2-ST/N (MVA-ST /N) vaccination also had a beneficial
effect on the outcome of disease in these mice when applied just 2 days before the lethal
SARS-CoV-2 challenge infection. In addition to previous data demonstrating a strong
cross-protective capacity [24,26,28], our data also indicate a rapid protective potential of
such a multiantigen MVA-COVID-19 vaccine candidate. These data will contribute to the
development of improved vaccination strategies against emerging pathogens exemplified
by SARS-CoV-2. The experience with the COVID-19 pandemic and the still ongoing spread
of SARS-CoV-2 indicate the need for vaccines that rapidly protect against an emerging
pathogen. To further improve vaccine efficacy with regard to broader-protective and rapidly
protective immunizations, several approaches have been undertaken. For mRNA vaccines,
formulation and dosages have been optimized to result in a stronger activation of immune
responses to improve the protective efficacy [49-54]. Several other approaches evaluated
the effect of heterologous prime-boost regimens for the activation of broader-reactive
and more robust immune responses [55-58]. For the activation of a more cross-reactive
immune response also mediating protection against multiple variants of SARS-CoV-2, the
combination of the S-protein with the more conserved N-protein has been successfully
evaluated in several different vaccine approaches [25-28]. Very recent studies confirmed
that MVA-based vaccine candidates co-expressing SARS-CoV-2-5 and -N induced a strong
activation of a humoral immune response that neutralized several different SARS-CoV-2
variants also including viral variants of concern (VOCs). These multivalent MVA vectors
induced robust protection against different VOCs when tested in the Syrian hamster and
non-human primates (NHPs) [10,23,24,28]. As a mechanism of the improved cross-reactive
efficacy, the higher titers of neutralizing antibodies (nABs) mediated by the combination
of S- and N-protein have been hypothesized [28]. Based on these data, we hypothesized
that a combination of S- and N-protein expressed by MVA could also rapidly protect
against lethal SARS-CoV-2 challenge infection. Robust protection after a single vaccination
might also be a promising strategy since repeated vaccination with first-generation S-based
COVID-19 vaccines has been confirmed to result in waning immunity [13,59]. In previous
studies, we already confirmed the rapid protective capacity of a single MVA vaccination
against lethal orthopoxvirus challenge infection [60,61]. Here, a single MVA vaccination
robustly protected mice against lethal VACV and ECTV challenge infection [61]. A more
detailed analysis of the immune responses indicated a superior role of the cellular immune
response for rapid protection 2 days after initial vaccination [60,61]. Confirming previous
studies [23], we showed that a single MVA-ST /N vaccination resulted in robust protection
against the lethal respiratory SARS-CoV-2 challenge 28 days later. An interesting aspect
of this single vaccination study was that the MVA-based vaccines expressing only one
SARS-CoV-2 protein, either the S-protein or the N-protein, resulted in reduced protective
capacity. For the monovalent MVA-SARS-2-ST candidate vaccine (MVA-ST), mice were in
principle protected before death and disease. Even more obvious was the altered outcome
of MVA-SARS-2-N (MVA-N) vaccination as we did not detect any protective effect. MVA-
N-vaccinated animals suffered from morbidity and mortality, very comparable to the
disease outcome experienced in the control-vaccinated animals (mock and empty MVA).
This altered outcome of protection correlated with the viral load in the upper and lower
respiratory tract and in the highly susceptible brain. Already on day 4, the viral shedding,
as measured by oropharyngeal swabs, was more obviously reduced in the MVA-ST/N-
vaccinated animals followed by the MVA-ST-vaccinated animals and no reduction in viral
shedding as measured in the MVA-N- and control-vaccinated animals. On the day of
death (day 8 for MVA-ST and MVA-ST/N, day 6 for MVA-N and control animals), the viral
shedding was significantly reduced in the MVA-ST/N- and MVA-ST-vaccinated animals
while still no effect was visible in the other animals. This pattern for SARS-CoV-2 load was
further confirmed for the lower respiratory tract. Of note, we did not detect any infectious
virus in the brain of one MVA-N-vaccinated animal. However, no other correlation between
the absence of the virus and the clinical score could be seen. In line with the results
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from viral loads, the quality and quantity of the immune responses were also different
between the different groups. Only MVA-ST- or MVA-ST /N-vaccinated mice mounted
virus-neutralizing antibodies before and after SARS-CoV-2 challenge infection. Titers of
neutralizing antibodies induced by the MVA-SARS-2-ST candidate vaccine after single-
shot vaccination are comparable to the titers of neutralizing antibodies measured after
prime-boost vaccination in the K18-hACE2 mouse model [10]. Here, an advantage of the
multivalent MVA-ST /N vaccine over the MVA-ST vaccine to stimulate higher titers of nAb
was shown. The MVA-ST/N vaccine also induced N-binding antibodies to substantially
higher titers compared to the MVA-N vaccine. Importantly, antibodies to both the S- and
N-antigens detected in SARS-CoV-2-infected humans have been associated with a mild-
asymptomatic disease outcome after SARS-CoV-2 infection [62]. Here, it will be of interest
for future studies to also characterize the titers of S-binding antibodies induced by the MVA-
SARS-2-ST/N vaccine. Moreover, in these humans, clearance of SARS-CoV-2 has been
confirmed to be more rapid and long-lasting [63]. These data indicated a beneficial impact
of the combination of S- and N-protein. This combinatory effect might also explain the failed
protection induced by the MVA-N vaccine. This might be further explained with the absence
of neutralizing antibodies mainly induced by the SARS-2-S antigen [7,8]. This is further
underlined by the data from the T cell characterization. Here, MVA-ST /N vaccination
induced significantly improved levels of SARS-2-S-specific T cells compared to the MVA-
ST-, MVA-N-, and control-vaccinated animals. Of note, increased levels of activated CD8+
T cells for MVA-ST /N vaccination have been confirmed in the blood, which is indicative of
peripheral CD8+ T cells, as well as in the lung as the main target organ for SARS-CoV-2
infection. Moreover, the spleen, as an important immunological organ for the maturation of
T cells, also mounted improved levels of S-specific T cells in MVA-ST /N-vaccinated animals.
The very balanced activation of S- and N-specific humoral immune responses paired with
robust levels of S-specific T cells might be an explanation for the robust and improved
protection after a single immunization with MVA-ST/N 4 weeks earlier. A previous study
confirmed the advantage of a balanced activation of cellular immune responses for the
outcome of the protection of mice that had been vaccinated with an MVA-based candidate
vaccine against the Ebola virus [64]. While we did not detect N-specific T cells in the
blood, the spleen, and the lung, we detected substantial levels of N-specific CD8+ T cells
in the brain of MVA-N-vaccinated mice. No N-specific CD8+ T cells were detected in
control-vaccinated and MVA-ST- and MVA-ST/N-vaccinated mice. In previous studies,
N-specific T cells have been hypothesized to induce a broader protective potential than
S-specific T cells due to the higher conservation of the N-protein [34]. However, the impact
of N-specific T cells for a more rapid protective capacity has not been evaluated in more
detail. In that context, the role of T cells in the brain also needs to be evaluated in more
detail, since the brain has been confirmed to be an immunoprivileged organ and several
studies confirmed immunopathology induced by specific immune responses [65-68]. In
our study, we did not detect indications of vaccine-induced immunopathology. However,
these results need to be characterized in more detail in future studies to evaluate the impact
of the N-specific T cells for the outcome of protection, and also disease manifestation. In
previous studies, the activation of lung-specific T cells has been considered to be essentially
required to robustly protect against lethal SARS-CoV-2 challenge infection [69,70]. Of
note, to evaluate the role of T cells induced by single vaccination with the different MVA-
SARS-2 candidate vaccines in more detail and define possible immunological correlates of
protection, future studies characterizing the cellular immune responses without challenge
infection to differentiate between the vaccination and other immune response reactivations
are warranted. The robust protection of the MVA-ST/N vaccine was confirmed since we
did not detect SARS-CoV-2 immunohistologically nor with the highly sensitive RT-qPCR
analysis. In previous studies using the highly susceptible K18-hACE2 mouse model, the
robust activation of the humoral immune responses alone was not sufficient to prevent
initial SARS-CoV-2 infection, which induced minimal lung lesions and detectable virus
load by qRT-PCR. In contrast, the activation of antibodies and T-cell-mediated robust
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protection against ancestral SARS-CoV-2 as well as variants of concern was noted [70-72].
Thus, that no initial SARS-CoV-2 infection has been measured could be associated with the
advanced activation of the cellular immune responses. Of note, the strong activation of
nAb can also be associated with reduced viral shedding. This is promising already after a
single vaccination. In summary, the activation of improved S-specific antibodies and T cells
might be a possible explanation for the improved outcome of protection after MVA-ST/N
vaccination. While no immunological mechanism was identified, we hypothesize that the
S-specific immune responses are essentially required to mediate protection since we did
not detect protective efficacy after MVA-N vaccination. Based on the slightly improved
effects for immunogenicity and efficacy seen in the MVA-SARS-2-ST/N vaccine in the
single vaccination approach, we aimed to evaluate the MVA-SARS-2-ST /N vaccination in a
shortened interval. Using an emergency vaccination regimen, the outcome of morbidity and
mortality in MVA-ST/N was delayed compared to the control-vaccinated mice with a mean
time of death of 7 compared to 6. This was most obvious in the significant reduced SARS-
CoV-2 shedding from the upper respiratory tract and reduced levels of SARS-CoV-2 in the
lung of MVA-ST/N-vaccinated mice. Again, we confirmed that reduced viral shedding
in the emergency vaccination regimen is associated with robust titers of neutralizing and
N-specific antibodies. This is in line with previous data from studies in humans confirming
that a strong activation of SARS-CoV-2-specific antibodies correlated with reduced viral
shedding. Moreover, a very rapid activation of antibodies has been associated with more
rapid clearance and reduced clinical symptoms [73,74]. However, despite the effect on
the respiratory tract, there was no obvious effect on neuroprotection in the emergency
vaccination regimen since we detected substantial levels of SARS-CoV-2 in the brain. Of
note, immunohistological results indicate a beneficial effect since there was a significant
reduction in a viral antigen in the brain of MVA-ST/N-vaccinated mice. To correlate
the delayed outcome of morbidity and mortality with the activation of specific immune
responses, we detected an increased activation of virus-neutralizing antibodies in several
of these mice as well as N-specific antibodies in one mouse. In addition, we also confirmed
levels of S-specific T cells in the lung and in the spleen. Of note, in the blood, levels of
activated T cells after challenge infections were not significantly different compared to
the control-vaccinated animals. Since it has been demonstrated that the systemic SARS-
CoV-2 spread can also be mediated via the blood [75-77], we hypothesize a role of the
blood T cells for the prevention of SARS-CoV-2 infection within the brain. Since the
brain manifestation is a non-COVID-19-disease-specific outcome of the K18-hACE2 mouse
model and associated to the artificial expression of the human ACE2 receptor molecule
in the brain [78], it might be interesting to test the emergency vaccination regimen in
another animal model without the dominant brain manifestation and neurological outcome.
Whether the efficacy of emergency MVA-ST/N vaccination can be further enhanced by
using increased dosages or other immunization routes remains to be addressed in future
studies. Moreover, future studies evaluating the early activation and kinetics of T cell
responses without the SARS-CoV-2 challenge infection, which might serve as a boost effect,
should be characterized. While we did not assess the effect of emergency vaccination using
the MVA-ST and MVA-N vaccine candidates, we demonstrated that there is no or reduced
protective efficacy compared to the multiantigen MVA-ST/N candidate vaccine using a
single 28-day vaccination regimen. For this, we hypothesize that this would be similar
in the emergency vaccination approach, and we only tested the emergency vaccination
approach for the MVA-ST /N vaccine. So far, no detailed studies have been published that
confirmed the protective efficacy of a single MVA vaccine expressing the N-protein in the
context of coronaviruses. However, this has been confirmed for innovative vaccination
strategies against the influenza virus. Here, several studies confirmed a robust protection of
an MVA vaccine expressing influenza virus NP proteins also against different strains of the
influenza virus [17,19]. These studies included vector vaccine approaches as well as protein-
based vaccines and mRNA-based vaccines [17,19,79]. Here, the broadly reactive protective
outcome was associated with a robust activation of T cells in the lung and in the blood.
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Future studies will be required to analyze the role of the blood T cells in vaccine-induced
protection for the COVID-19 approach in more detail. In that context, it will be of significant
importance to also evaluate the rapid protective capacity against different variants of SARS-
CoV-2, also including VOCs. With regard to a long-term protective efficacy, which will
also contribute to minimize the risk for the emergence of new VOCs, future studies also
evaluating the immunogenicity and efficacy at late immunization schedules are important
and interesting. In summary, these data further highlight the promising potential of a
multivalent vaccine co-expressing S- and N-protein as confirmed in a lethal mouse model
for COVID-19. Using a multivalent MVA vaccine co-expressing the S- and N-protein for
efficacy testing in mice, we also overcome the difficulties of simply mixing both vaccine
candidates MVA-N and MVA-ST, which is not possible due to the limiting volumes for
vaccination in mice.

5. Conclusions

In conclusion, our results provided preliminary data on more rapidly protective
vaccination approaches for COVID-19. Here, we confirmed that a single MVA-ST/N
vaccination robustly protects highly susceptible K18-hACE2 mice against a lethal SARS-
CoV-2 challenge infection 28 days later while the emergency vaccination after 2 days
was only partially protective and did not prevent the outcome of disease and death. Of
note, this morbidity and mortality could be associated with an effect on SARS-CoV-2
infection in the upper and lower respiratory tract and no effect on the neuroprotection.
Based on these preliminary data, more detailed studies evaluating the immune responses
associated with more rapid protective vaccination should be initiated. In addition, future
studies evaluating the rapid protective efficacy of the MVA-ST/N vaccine against different
SARS-CoV-2 variants need to be tested.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v16030417 /s1, Figure S1: Genetic identity of the recombinant
MVA-N and MVA-ST/N candidate vaccines. Genetic identity of MVA-N and MVA-ST/N was
confirmed by polymerase chain reaction (PCR) using viral DNA. (A) PCR targeting SARS-2-N
and the SARS-2-ST confirming the presence of the SARS-2-N and SARS-2-ST gene sequence with
(B) additional PCR demonstrating the site-specific insertion of the sequences as well as the proper
removal of the marker genes. (C) Genetic stability was confirmed by PCR targeting the six major
deletion sites and (D) the C7L gene locus of MVA. Figure S2: Gating strategy of flow cytometry
analysis. The gating strategy for the analysis of splenocytes, lung cells, brain cells and whole blood
is shown by splenocytes from an MVA-ST/N vaccinated mouse, which was infected with SARS-
CoV-2 28 days post immunization. First, lymphocytes were separated by phenotypical analysis
followed by gating on single cells. All live cells from single cells were gated to depict CD3-positive
(CD3+) cells. CD3+ cells were further divided into CD8-positive (CD8+) and CD4-positive (CD4+)
cells. Gated on CD8+ cells, T cells specific against the S-protein (SV8L+) were analyzed by positive
tetramer (SV8L) signal and additionally characterized as activated T cells (CD44+). Samples from
unvaccinated and unchallenged K18-hACE2 mice, as well as unstained samples from vaccinated and
challenged mice, were used to subtract background signaling especially for determining tetramer
specific signal. Analysis of N219-specific and B8R20-27-specific T cells followed the same gating
strategy. Figure S3: (A) Protein sequence of SARS-CoV-2 nucleoprotein (N) used for splenocyte
and lung cell re-stimulation in ELISpot assay (N Pool). The SARS-CoV-2 nucleoprotein comprises
of 419 amino acids. The whole peptide pool, consisting of 59 overlapping peptides, were derived
from the SARS-2-N protein sequence. Each single peptide consists of 17 or 13 amino acids (17- or
13-mers) with a 10 mer overlap. (B) Single peptide sequences of the immunodominant epitope of
the S-protein (SV8L) [1] and the N-protein (N219) [2] of SARS-CoV-2 (USA-WA1/2020) and the
immunodominant epitope of MVA (B8R20-27) [3]. Single peptides were used for re-stimulation of
splenocytes and lung cells in ELISpot assays as well as loaded onto tetramers for the identification
of specific T cells within splenocytes, lung cells, brain cells and whole blood by flow cytometry.
Figure S4: The frequency of expanded MVABS8R-specific CD8+ T cells in spleen, lung, brain, and
blood after single shot vaccination. K18-hACE2 mice were challenged with SARS-CoV-2 28 days after
intramuscular vaccination with MVA-SARS-2-ST (108 PFU, n = 7), MVA-SARS-2-N (108 PFU, n = 8),
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MVA-SARS-2-ST/N (108 PFU, n = 8), empty MVA (n = 4) or PBS (n = 4). Whole blood was taken at the
day of death and cells were isolated from spleens, lungs, and brains. Splenocytes (A), lung cells (B),
brain cells (C) and whole blood samples (D) were analyzed for T cells specific for the MVA epitope
B8R20-27 using flow cytometry. Splenocytes (E) and lung cells (F) were additionally analyzed for
T cells specific for the MVA epitope B8R20-27 via ELISpot assay. Differences between the groups
were analyzed by Kruskal-Wallis Test. Asterisks represent statistically significant differences between
two groups: * p < 0.05, ** p < 0.01. Figure S5: The frequency of expanded MVABS8R-specific CD8+ T
cells in spleen, lung, and blood after emergency vaccination. K18-hACE2 mice were challenged with
SARS-CoV-2 two days after intramuscular vaccination with MVA-SARS-2-ST/N (108 PFU, n =7),
empty MVA (n = 7) or PBS (n = 7). Whole blood was taken at the day of death and cells were isolated
from spleens and lungs. Splenocytes (A), lung cells (B) and whole blood samples (C) were analyzed
for T cells specific for the MVA epitope BS8R20-27 using flow cytometry. Splenocytes (D) and lung
cells (E) were additionally analyzed for T cells specific for the MVA epitope B8R20-27 via ELISpot
assay. Differences between the groups were analyzed by Kruskal-Wallis Test. Asterisks represent
statistically significant differences between two groups: * p < 0.05, ** p < 0.01.

Author Contributions: A.V,, S.C. and G.S. conceptualized the study. A.V. initiated the project
administration and acquired project funding. L.L. and A.T. constructed and characterized the vaccines
together with G.K., A.F,, SK. and S.C. establishing in vivo vaccination studies with subsequent
SARS-CoV-2 challenge and monitored all animals daily for clinical symptoms together with A.V.,
CM.z.N,, L.-M.S. and T.T. Samples from in vivo studies were collected by S.C. together with C.M.z.N.,
L-M.S, TT, AV, G.B.,, M.R,, KH. and KM.G. In vitro experiments to analyze viral load, antibodies
and T cells were performed and interpreted by S.C. together with CM.z.N., L-M.S., T.T. and A.V.
Immunohistochemistry and image analysis was performed by G.B., M.R., K.H., KM.G. and W.B.
Original draft was prepared by A.V. and S.C. together with A.T., G.B. and M.R. Review and editing
performed by A.V,, S.C,, AT, GK, SK, WB., G.B.,, M.R. and KM.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Culture of Lower Saxony, Germany
(14—76103-184 CORONA-15/20 to A.V. and W.B.), and the DFG (German Research Foundation
398066876/GRK 2485/1 to A.V., G.S., and W.B.) and For COVID (F.2-F2412.32/1/45 Bayerischer
Forschungsverbund FOR-COVID) to A.T. and G.S.

Institutional Review Board Statement: The animal study protocol was approved by the Nieder-
sdchsisches Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit (LAVES) Lower Saxony,
Germany (33.8-42502-04-20/3440).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding authors upon reasonable request.

Acknowledgments: We thank Henrieke Meyer-Sievers, Monika Berg, Saskia Oppermann, Darren
Markillie, Matthias Herberg, Bernd Volbrecht, Sandra Pfeifer, and Lukas Mathias Michaely for expert
help in animal studies. We thank Bernard Moss and Linda Wyatt for plasmid pLW-73; Sabrina Clever
was supported by the Hannover Biomedical Research School (HBRS) and the Center for Infection
Biology (ZIB).

Conflicts of Interest: No reported personal conflicts of interest. All authors attest that they meet the
ICMJE criteria for authorship.

1. WHO. A Brief Guide to Emerging Infectious Diseases and Zoonoses. Available online: https://iris.who.int/handle/10665/204722
(accessed on 11 December 2023).

2. Jones, K.E,; Patel, N.G.; Levy, M.A.; Storeygard, A.; Balk, D.; Gittleman, J.L.; Daszak, P. Global trends in emerging infectious
diseases. Nature 2008, 451, 990-993. [CrossRef] [PubMed]

3. Morens, D.M.; Folkers, G.K.; Fauci, A.S. The challenge of emerging and re-emerging infectious diseases. Nature 2004, 430, 242-249.

[CrossRef]

4. Afrough, B.; Dowall, S.; Hewson, R. Emerging viruses and current strategies for vaccine intervention. Clin. Exp. Immunol. 2019,
196, 157-166. [CrossRef] [PubMed]


https://iris.who.int/handle/10665/204722
https://doi.org/10.1038/nature06536
https://www.ncbi.nlm.nih.gov/pubmed/18288193
https://doi.org/10.1038/nature02759
https://doi.org/10.1111/cei.13295
https://www.ncbi.nlm.nih.gov/pubmed/30993690

Viruses 2024, 16, 417 26 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kashte, S.; Gulbake, A.; EI-Amin, S.E, III; Gupta, A. COVID-19 vaccines: Rapid development, implications, challenges and future
prospects. Hum. Cell 2021, 34, 711-733. [CrossRef]

Li, M.; Wang, H.; Tian, L.; Pang, Z.; Yang, Q.; Huang, T.; Fan, ].; Song, L.; Tong, Y.; Fan, H. COVID-19 vaccine development:
Milestones, lessons and prospects. Signal Transduct. Target. Ther. 2022, 7, 146. [CrossRef]

Dai, L.; Gao, G.F. Viral targets for vaccines against COVID-19. Nat. Rev. Immunol. 2021, 21, 73-82. [CrossRef] [PubMed]

Piccoli, L.; Park, Y.J.; Tortorici, M.A.; Czudnochowski, N.; Walls, A.C.; Beltramello, M.; Silacci-Fregni, C.; Pinto, D.; Rosen, L.E.;
Bowen, ].E.; et al. Mapping Neutralizing and Immunodominant Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by
Structure-Guided High-Resolution Serology. Cell 2020, 183, 1024-1042.e21. [CrossRef]

Volz, A.; Sutter, G. Modified Vaccinia Virus Ankara: History, Value in Basic Research, and Current Perspectives for Vaccine
Development. Adv. Virus Res. 2017, 97, 187-243. [CrossRef]

Meyer Zu Natrup, C.; Tscherne, A.; Dahlke, C.; Ciurkiewicz, M.; Shin, D.L.; Fathi, A.; Rohde, C.; Kalodimou, G.; Halwe, S.;
Limpinsel, L.; et al. Stabilized recombinant SARS-CoV-2 spike antigen enhances vaccine immunogenicity and protective capacity.
J. Clin. Investig. 2022, 132, 24. [CrossRef]

Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Lee, S.S. A Detailed Overview of Inmune Escape, Antibody Escape, Partial
Vaccine Escape of SARS-CoV-2 and Their Emerging Variants With Escape Mutations. Front. Immunol. 2022, 13, 801522. [CrossRef]
Cevik, M.; Grubaugh, N.D.; Iwasaki, A.; Openshaw, P. COVID-19 vaccines: Keeping pace with SARS-CoV-2 variants. Cell 2021,
184, 5077-5081. [CrossRef]

Carabelli, A.M.; Peacock, T.P; Thorne, L.G.; Harvey, W.T.; Hughes, J.; Peacock, S.J.; Barclay, W.S.; de Silva, T.I.; Towers, G.J.;
Robertson, D.L. SARS-CoV-2 variant biology: Immune escape, transmission and fitness. Nat. Rev. Microbiol. 2023, 21, 162-177.
[CrossRef]

Lauer, K.B.; Borrow, R.; Blanchard, T.J. Multivalent and Multipathogen Viral Vector Vaccines. Clin. Vaccine Immunol. 2017, 24,
€00298-16-16. [CrossRef]

Prow, N.A,; Jimenez Martinez, R.; Hayball, ].D.; Howley, PM.; Suhrbier, A. Poxvirus-based vector systems and the potential for
multi-valent and multi-pathogen vaccines. Expert Rev. Vaccines 2018, 17, 925-934. [CrossRef]

Wang, C.Y,; Peng, W].; Kuo, B.S.; Ho, YH.; Wang, M.S.; Yang, Y.T.; Chang, P.Y.; Shen, Y.H.; Hwang, K.P. Toward a pan-SARS-CoV-2
vaccine targeting conserved epitopes on spike and non-spike proteins for potent, broad and durable immune responses. PLoS
Pathog. 2023, 19, €1010870. [CrossRef] [PubMed]

Hessel, A.; Savidis-Dacho, H.; Coulibaly, S.; Portsmouth, D.; Kreil, T.R.; Crowe, B.A.; Schwendinger, M.G.; Pilz, A.; Barrett, PN.;
Falkner, E.G.; et al. MVA vectors expressing conserved influenza proteins protect mice against lethal challenge with H5N1, HON2
and H7NT1 viruses. PLoS ONE 2014, 9, e88340. [CrossRef] [PubMed]

Evans, T.G.; Bussey, L.; Eagling-Vose, E.; Rutkowski, K.; Ellis, C.; Argent, C.; Griffin, P.; Kim, J.; Thackwray, S.; Shakib, S.; et al.
Efficacy and safety of a universal influenza A vaccine (MVA-NP+M1) in adults when given after seasonal quadrivalent influenza
vaccine immunisation (FLU009): A phase 2b, randomised, double-blind trial. Lancet Infect. Dis. 2022, 22, 857-866. [CrossRef]
Del Campo, J.; Pizzorno, A.; Djebali, S.; Bouley, J.; Haller, M.; Pérez-Vargas, J.; Lina, B.; Boivin, G.; Hamelin, M.E.; Nicolas, F.; et al.
OVX836 a recombinant nucleoprotein vaccine inducing cellular responses and protective efficacy against multiple influenza A
subtypes. npj Vaccines 2019, 4, 4. [CrossRef] [PubMed]

Withanage, K.; De Coster, I.; Cools, N.; Viviani, S.; Tourneur, J.; Chevandier, M.; Lambiel, M.; Willems, P.; Le Vert, A.; Nicolas, E;
et al. Phase 1 Randomized, Placebo-Controlled, Dose-Escalating Study to Evaluate OVX836, a Nucleoprotein-Based Influenza
Vaccine: Intramuscular Results. |. Infect. Dis. 2022, 226, 119-127. [CrossRef]

Tan, M.P;; Tan, W.S.; Mohamed Alitheen, N.B.; Yap, W.B. M2e-Based Influenza Vaccines with Nucleoprotein: A Review. Vaccines
2021, 9, 739. [CrossRef]

Brewoo, ].N.; Powell, T.D,; Jones, ].C.; Gundlach, N.A.; Young, G.R.; Chu, H.; Das, S.C.; Partidos, C.D.; Stinchcomb, D.T.; Osorio,
J.E. Cross-protective immunity against multiple influenza virus subtypes by a novel modified vaccinia Ankara (MVA) vectored
vaccine in mice. Vaccine 2013, 31, 1848-1855. [CrossRef]

Chiuppesi, F.; Nguyen, V.H.; Park, Y.; Contreras, H.; Karpinski, V.,; Faircloth, K.; Nguyen, J.; Kha, M.; Johnson, D.; Martinez, J.;
et al. Synthetic multiantigen MVA vaccine COHO04S1 protects against SARS-CoV-2 in Syrian hamsters and non-human primates.
npj Vaccines 2022, 7, 7. [CrossRef]

Wussow, F.; Kha, M.; Kim, T.; Ly, M.; YlI-Pico, M.; Kar, S.; Lewis, M.G.; Chiuppesi, F.; Diamond, D.]J. Synthetic multiantigen MVA
vaccine COHO04S1 and variant-specific derivatives protect Syrian hamsters from SARS-CoV-2 Omicron subvariants. npj Vaccines
2023, 8, 41. [CrossRef]

Dangi, T.; Class, J.; Palacio, N.; Richner, ].M.; Penaloza MacMaster, P. Combining spike- and nucleocapsid-based vaccines
improves distal control of SARS-CoV-2. Cell Rep. 2021, 36, 109664. [CrossRef]

Hajnik, R.L.; Plante, J.A,; Liang, Y.; Alameh, M.G.; Tang, J.; Bonam, S.R.; Zhong, C.; Adam, A.; Scharton, D.; Rafael, G.H.; et al.
Dual spike and nucleocapsid mRNA vaccination confer protection against SARS-CoV-2 Omicron and Delta variants in preclinical
models. Sci. Transl. Med. 2022, 14, eabq1945. [CrossRef]

Mambelli, E; Marinho, EV.; Andrade, ].M.; de Araujo, A.; Abuna, R.P.E; Fabri, VM.R; Santos, B.P.O.; da Silva, ].S.; de Magalhaes,
M.T.Q.; Homan, EJ.; et al. Recombinant Bacillus Calmette-Guérin Expressing SARS-CoV-2 Chimeric Protein Protects K18-hACE2
Mice against Viral Challenge. J. Immunol. 2023, 210, 1925-1937. [CrossRef] [PubMed]


https://doi.org/10.1007/s13577-021-00512-4
https://doi.org/10.1038/s41392-022-00996-y
https://doi.org/10.1038/s41577-020-00480-0
https://www.ncbi.nlm.nih.gov/pubmed/33340022
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/bs.aivir.2016.07.001
https://doi.org/10.1172/JCI159895
https://doi.org/10.3389/fimmu.2022.801522
https://doi.org/10.1016/j.cell.2021.09.010
https://doi.org/10.1038/s41579-022-00841-7
https://doi.org/10.1128/CVI.00298-16
https://doi.org/10.1080/14760584.2018.1522255
https://doi.org/10.1371/journal.ppat.1010870
https://www.ncbi.nlm.nih.gov/pubmed/37079651
https://doi.org/10.1371/journal.pone.0088340
https://www.ncbi.nlm.nih.gov/pubmed/24523886
https://doi.org/10.1016/S1473-3099(21)00702-7
https://doi.org/10.1038/s41541-019-0098-4
https://www.ncbi.nlm.nih.gov/pubmed/30701093
https://doi.org/10.1093/infdis/jiab532
https://doi.org/10.3390/vaccines9070739
https://doi.org/10.1016/j.vaccine.2013.01.038
https://doi.org/10.1038/s41541-022-00436-6
https://doi.org/10.1038/s41541-023-00640-y
https://doi.org/10.1016/j.celrep.2021.109664
https://doi.org/10.1126/scitranslmed.abq1945
https://doi.org/10.4049/jimmunol.2200731
https://www.ncbi.nlm.nih.gov/pubmed/37098890

Viruses 2024, 16, 417 27 of 29

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Routhu, N.K.; Gangadhara, S.; Lai, L.; Davis-Gardner, M.E.; Floyd, K.; Shiferaw, A.; Bartsch, Y.C.; Fischinger, S.; Khoury, G;
Rahman, S.A; et al. A modified vaccinia Ankara vaccine expressing spike and nucleocapsid protects rhesus macaques against
SARS-CoV-2 Delta infection. Sci. Immunol. 2022, 7, eabo0226. [CrossRef] [PubMed]

Bai, Z.; Cao, Y.; Liu, W.; Li, J. The SARS-CoV-2 Nucleocapsid Protein and Its Role in Viral Structure, Biological Functions, and a
Potential Target for Drug or Vaccine Mitigation. Viruses 2021, 13, 1115. [CrossRef] [PubMed]

Yu, H.; Guan, F; Miller, H.; Lei, J.; Liu, C. The role of SARS-CoV-2 nucleocapsid protein in antiviral immunity and vaccine
development. Emerg. Microbes Infect. 2023, 12, €2164219. [CrossRef]

Qu, J.; Wu, C,; Li, X,; Zhang, G.; Jiang, Z.; Li, X.; Zhu, Q.; Liu, L. Profile of Immunoglobulin G and IgM Antibodies Against Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. 2020, 71, 2255-2258. [CrossRef] [PubMed]

Le Bert, N.; Tan, A.T.; Kunasegaran, K.; Tham, C.Y.L.; Hafezi, M.; Chia, A.; Chng, M.H.Y.; Lin, M.; Tan, N.; Linster, M.; et al.
SARS-CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls. Nature 2020, 584, 457-462.
[CrossRef]

Matchett, W.E.; Joag, V.; Stolley, ].M.; Shepherd, FK.; Quarnstrom, C.F,; Mickelson, C.K.; Wijeyesinghe, S.; Soerens, A.G.; Becker, S.;
Thiede, ].M.; et al. Cutting Edge: Nucleocapsid Vaccine Elicits Spike-Independent SARS-CoV-2 Protective Immunity. . Immunol.
2021, 207, 376-379. [CrossRef]

Primard, C.; Monchatre-Leroy, E.; Del Campo, J.; Valsesia, S.; Nikly, E.; Chevandier, M.; Boué, E; Servat, A.; Wasniewski,
M.; Picard-Meyer, E.; et al. OVX033, a nucleocapsid-based vaccine candidate, provides broad-spectrum protection against
SARS-CoV-2 variants in a hamster challenge model. Front. Immunol. 2023, 14, 1188605. [CrossRef] [PubMed]

Bai, Y.; Wang, Q.; Liu, M,; Bian, L.; Liu, J.; Gao, F; Mao, Q.; Wang, Z.; Wu, X.; Xu, M.; et al. The next major emergent infectious
disease: Reflections on vaccine emergency development strategies. Expert Rev. Vaccines 2022, 21, 471-481. [CrossRef] [PubMed]
Wyatt, L.S.; Earl, PL.; Xiao, W.; Americo, ].L.; Cotter, C.A.; Vogt, ].; Moss, B. Elucidating and minimizing the loss by recombinant
vaccinia virus of human immunodeficiency virus gene expression resulting from spontaneous mutations and positive selection. J.
Virol. 2009, 83, 7176-7184. [CrossRef]

Kremer, M.; Volz, A ; Kreijtz, ] H.; Fux, R.; Lehmann, M.H.; Sutter, G. Easy and efficient protocols for working with recombinant
vaccinia virus MVA. Methods Mol. Biol. 2012, 890, 59-92. [CrossRef]

Veit, S.; Jany, S.; Fux, R,; Sutter, G.; Volz, A. CD8+ T Cells Responding to the Middle East Respiratory Syndrome Coronavirus
Nucleocapsid Protein Delivered by Vaccinia Virus MVA in Mice. Viruses 2018, 10. [CrossRef]

Kalodimou, G.; Veit, S.; Jany, S.; Kalinke, U.; Broder, C.C.; Sutter, G.; Volz, A. A Soluble Version of Nipah Virus Glycoprotein G
Delivered by Vaccinia Virus MVA Activates Specific CD8 and CD4 T Cells in Mice. Viruses 2019, 12, 26. [CrossRef] [PubMed]
Tscherne, A.; Schwarz, ].H.; Rohde, C.; Kupke, A.; Kalodimou, G.; Limpinsel, L.; Okba, N.M.A.; Bosnjak, B.; Sandrock, I.; Odak, L;
et al. Immunogenicity and efficacy of the COVID-19 candidate vector vaccine MVA-SARS-2-S in preclinical vaccination. Proc.
Natl. Acad. Sci. USA 2021, 118, €2026207118. [CrossRef]

Okba, N.M.A ; Miiller, M.A.; Li, W.; Wang, C.; GeurtsvanKessel, C.H.; Corman, V.M.; Lamers, M.M.; Sikkema, R.S.; de Bruin, E,;
Chandler, ED.; et al. Severe Acute Respiratory Syndrome Coronavirus 2-Specific Antibody Responses in Coronavirus Disease
Patients. Emerg. Infect. Dis. 2020, 26, 1478-1488. [CrossRef]

Bosnjak, B.; Odak, L; Barros-Martins, J.; Sandrock, I.; Hammerschmidt, S.I.; Permanyer, M.; Patzer, G.E.; Greorgiev, H.; Gutierrez
Jauregui, R.; Tscherne, A.; et al. Intranasal Delivery of MVA Vector Vaccine Induces Effective Pulmonary Immunity Against
SARS-CoV-2 in Rodents. Front. Immunol. 2021, 12, 772240. [CrossRef]

Joag, V.; Wijeyesinghe, S.; Stolley, ].M.; Quarnstrom, C.E; Dileepan, T.; Soerens, A.G.; Sangala, ].A.; O’Flanagan, S.D.; Gavil, N.V.;
Hong, S.W.; et al. Cutting Edge: Mouse SARS-CoV-2 Epitope Reveals Infection and Vaccine-Elicited CD8 T Cell Responses. .
Immunol. 2021, 206, 931-935. [CrossRef]

Tscharke, D.C.; Karupiah, G.; Zhou, J.; Palmore, T.; Irvine, K.R.; Haeryfar, S.M.; Williams, S.; Sidney, J.; Sette, A.; Bennink, J.R,;
et al. Identification of poxvirus CD8+ T cell determinants to enable rational design and characterization of smallpox vaccines. J.
Exp. Med. 2005, 201, 95-104. [CrossRef]

Allnoch, L.; Beythien, G.; Leitzen, E.; Becker, K.; Kaup, F].; Stanelle-Bertram, S.; Schaumburg, B.; Mounogou Kouassi, N.; Beck, S.;
Zickler, M,; et al. Vascular Inflammation Is Associated with Loss of Aquaporin 1 Expression on Endothelial Cells and Increased
Fluid Leakage in SARS-CoV-2 Infected Golden Syrian Hamsters. Viruses 2021, 13, 639. [CrossRef]

Armando, F; Beythien, G.; Kaiser, EK.; Allnoch, L.; Heydemann, L.; Rosiak, M.; Becker, S.; Gonzalez-Hernandez, M.; Lamers,
M.M.; Haagmans, B.L.; et al. SARS-CoV-2 Omicron variant causes mild pathology in the upper and lower respiratory tract of
hamsters. Nat. Commun. 2022, 13, 3519. [CrossRef] [PubMed]

Bankhead, P.; Loughrey, M.B.; Ferndndez, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
[PubMed]

Meyer, H.; Sutter, G.; Mayr, A. Mapping of deletions in the genome of the highly attenuated vaccinia virus MVA and their
influence on virulence. J. Gen. Virol. 1991, 72, 1031-1038. [CrossRef] [PubMed]

Choi, A.; Koch, M.; Wu, K,; Chu, L.; Ma, L.; Hill, A;; Nunna, N.; Huang, W.; Oestreicher, J.; Colpitts, T.; et al. Safety and
immunogenicity of SARS-CoV-2 variant mRNA vaccine boosters in healthy adults: An interim analysis. Nat. Med. 2021, 27,
2025-2031. [CrossRef] [PubMed]


https://doi.org/10.1126/sciimmunol.abo0226
https://www.ncbi.nlm.nih.gov/pubmed/35357886
https://doi.org/10.3390/v13061115
https://www.ncbi.nlm.nih.gov/pubmed/34200602
https://doi.org/10.1080/22221751.2022.2164219
https://doi.org/10.1093/cid/ciaa489
https://www.ncbi.nlm.nih.gov/pubmed/32337590
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.4049/jimmunol.2100421
https://doi.org/10.3389/fimmu.2023.1188605
https://www.ncbi.nlm.nih.gov/pubmed/37409116
https://doi.org/10.1080/14760584.2022.2027240
https://www.ncbi.nlm.nih.gov/pubmed/35080441
https://doi.org/10.1128/JVI.00687-09
https://doi.org/10.1007/978-1-61779-876-4_4
https://doi.org/10.3390/v10120718
https://doi.org/10.3390/v12010026
https://www.ncbi.nlm.nih.gov/pubmed/31878180
https://doi.org/10.1073/pnas.2026207118
https://doi.org/10.3201/eid2607.200841
https://doi.org/10.3389/fimmu.2021.772240
https://doi.org/10.4049/jimmunol.2001400
https://doi.org/10.1084/jem.20041912
https://doi.org/10.3390/v13040639
https://doi.org/10.1038/s41467-022-31200-y
https://www.ncbi.nlm.nih.gov/pubmed/35725735
https://doi.org/10.1038/s41598-017-17204-5
https://www.ncbi.nlm.nih.gov/pubmed/29203879
https://doi.org/10.1099/0022-1317-72-5-1031
https://www.ncbi.nlm.nih.gov/pubmed/2033387
https://doi.org/10.1038/s41591-021-01527-y
https://www.ncbi.nlm.nih.gov/pubmed/34526698

Viruses 2024, 16, 417 28 of 29

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gebre, M.S.; Rauch, S.; Roth, N.; Yu, J.; Chandrashekar, A.; Mercado, N.B.; He, X,; Liu, J.; McMahan, K.; Martinot, A.; et al.
Optimization of non-coding regions for a non-modified mRNA COVID-19 vaccine. Nature 2022, 601, 410-414. [CrossRef]
[PubMed]

Lai, CJ.; Kim, D.; Kang, S.; Li, K.; Cha, L; Sasaki, A.; Porras, J.; Xia, T.; Jung, ].U. Viral codon optimization on SARS-CoV-2 Spike
boosts immunity in the development of COVID-19 mRNA vaccines. J. Med. Virol. 2023, 95, €29183. [CrossRef]

Corleis, B.; Hoffmann, D.; Rauch, S.; Fricke, C.; Roth, N.; Gergen, J.; Kovacikova, K.; Schlottau, K.; Halwe, N.J.; Ulrich, L.; et al.
Efficacy of an unmodified bivalent mRNA vaccine against SARS-CoV-2 variants in female small animal models. Nat. Commun.
2023, 14, 816. [CrossRef] [PubMed]

Li, M,; Jia, L.; Xie, Y.; Ma, W,; Yan, Z,; Liu, F; Deng, J.; Zhu, A.; Siwei, X.; Su, W,; et al. Lyophilization process optimization and
molecular dynamics simulation of mRNA-LNPs for SARS-CoV-2 vaccine. npj Vaccines 2023, 8, 153. [CrossRef] [PubMed]
Grunau, B.; Goldfarb, D.M.; Asamoah-Boaheng, M.; Golding, L.; Kirkham, T.L.; Demers, P.A.; Lavoie, PM. Immunogenicity of
Extended mRNA SARS-CoV-2 Vaccine Dosing Intervals. JAMA 2022, 327, 279-281. [CrossRef] [PubMed]

Fang, Z.; Peng, L.; Filler, R.; Suzuki, K.; McNamara, A.; Lin, Q.; Renauer, PA; Yang, L.; Menasche, B.; Sanchez, A.; et al.
Omicron-specific mRNA vaccination alone and as a heterologous booster against SARS-CoV-2. Nat. Commun. 2022, 13, 3250.
[CrossRef] [PubMed]

Li, G;; Zhou, Z.; Du, P; Zhan, M,; Li, N.; Xiong, X.; Tang, S.; Man, M.; Baptista-Hon, D.T.; Lu, L. Heterologous mRNA vaccine
booster increases neutralization of SARS-CoV-2 Omicron BA.2 variant. Signal Transduct. Target. Ther. 2022, 7, 243. [CrossRef]
[PubMed]

Kaku, C.I; Champney, E.R.; Normark, J.; Garcia, M.; Johnson, C.E.; Ahlm, C.; Christ, W.; Sakharkar, M.; Ackerman, M.E,;
Klingstrom, J.; et al. Broad anti-SARS-CoV-2 antibody immunity induced by heterologous ChAdOx1/mRNA-1273 vaccination.
Science 2022, 375, 1041-1047. [CrossRef] [PubMed]

Zuo, F; Abolhassani, H.; Du, L.; Piralla, A.; Bertoglio, F.; de Campos-Mata, L.; Wan, H.; Schubert, M.; Cassaniti, I.; Wang, Y.; et al.
Heterologous immunization with inactivated vaccine followed by mRNA-booster elicits strong immunity against SARS-CoV-2
Omicron variant. Nat. Commun. 2022, 13, 2670. [CrossRef] [PubMed]

Arashiro, T.; Arima, Y.; Kuramochi, J.; Muraoka, H.; Sato, A.; Chubachi, K.; Oba, K.; Yanai, A.; Arioka, H.; Uehara, Y.; et al.
Immune escape and waning immunity of COVID-19 monovalent mRNA vaccines against symptomatic infection with BA.1/BA.2
and BA.5 in Japan. Vaccine 2023, 41, 6969-6979. [CrossRef]

Kremer, M,; Suezer, Y.; Volz, A.; Frenz, T.; Majzoub, M.; Hanschmann, K.M.; Lehmann, M.H.; Kalinke, U.; Sutter, G. Critical role
of perforin-dependent CD8+ T cell immunity for rapid protective vaccination in a murine model for human smallpox. PLoS
Pathog. 2012, 8, €1002557. [CrossRef]

Volz, A.; Langenmayer, M.; Jany, S.; Kalinke, U.; Sutter, G. Rapid expansion of CD8+ T cells in wild-type and type I interferon
receptor-deficient mice correlates with protection after low-dose emergency immunization with modified vaccinia virus Ankara.
. Virol. 2014, 88, 10946-10957. [CrossRef]

Lei, Q.; Li, Y.;; Hou, H.Y,; Wang, E; Ouyang, Z.Q.; Zhang, Y.; Lai, D.Y.; Banga Ndzouboukou, J.L.; Xu, Z.W.; Zhang, B.; et al.
Antibody dynamics to SARS-CoV-2 in asymptomatic COVID-19 infections. Allergy 2021, 76, 551-561. [CrossRef]

Liu, Y;; Yan, LM.; Wan, L,; Xiang, T.X.; Le, A.; Liu, ] M.; Peiris, M.; Poon, L.L.M.; Zhang, W. Viral dynamics in mild and severe
cases of COVID-19. Lancet Infect. Dis. 2020, 20, 656-657. [CrossRef] [PubMed]

Kupke, A.; Volz, A,; Dietzel, E.; Freudenstein, A.; Schmidt, J.; Shams-Eldin, H.; Jany, S.; Sauerhering, L.; Krdhling, V.; Gell-
horn Serra, M.; et al. Protective CD8+ T Cell Response Induced by Modified Vaccinia Virus Ankara Delivering Ebola Virus
Nucleoprotein. Vaccines 2022, 10, 533. [CrossRef] [PubMed]

Gustine, J.N.; Jones, D. Immunopathology of Hyperinflammation in COVID-19. Am. ]. Pathol. 2021, 191, 4-17. [CrossRef]
[PubMed]

Maiese, A.; Manetti, A.C.; Bosetti, C.; Del Duca, F.; La Russa, R.; Frati, P.; Di Paolo, M.; Turillazzi, E.; Fineschi, V. SARS-CoV-2
and the brain: A review of the current knowledge on neuropathology in COVID-19. Brain Pathol. 2021, 31, €13013. [CrossRef]
[PubMed]

Patone, M.; Handunnetthi, L.; Saatci, D.; Pan, J.; Katikireddi, S.V.; Razvi, S.; Hunt, D.; Mei, X.W.; Dixon, S.; Zaccardi, E.; et al.
Neurological complications after first dose of COVID-19 vaccines and SARS-CoV-2 infection. Nat. Med. 2021, 27, 2144-2153.
[CrossRef] [PubMed]

Khayat-Khoei, M.; Bhattacharyya, S.; Katz, J.; Harrison, D.; Tauhid, S.; Bruso, P.; Houtchens, M.K.; Edwards, K.R.; Bakshi, R.
COVID-19 mRNA vaccination leading to CNS inflammation: A case series. |. Neurol. 2022, 269, 1093-1106. [CrossRef] [PubMed]
Shakiba, M.H.; Gemiind, I.; Beyer, M.; Bonaguro, L. Lung T cell response in COVID-19. Front. Immunol. 2023, 14, 1108716.
[CrossRef] [PubMed]

Azevedo, P.O.; Hojo-Souza, N.S.; Faustino, L.P.; Fumagalli, M.]J.; Hirako, I.C.; Oliveira, E.R.; Figueiredo, M.M.; Carvalho,
A.F; Doro, D.; Benevides, L.; et al. Differential requirement of neutralizing antibodies and T cells on protective immunity to
SARS-CoV-2 variants of concern. npj Vaccines 2023, 8, 15. [CrossRef]

Kruglov, A.A.; Bondareva, M.A.; Gogoleva, V.S.; Semin, LK.; Astrakhantseva, I.V.; Zvartsev, R.; Lunin, A.S.; Apolokhov, V.D;
Shustova, E.Y.; Volok, V.P; et al. Inactivated whole virion vaccine protects K18-hACE2 Tg mice against the Omicron SARS-CoV-2
variant via cross-reactive T cells and nonneutralizing antibody responses. Eur. |. Immunol. 2023, €2350664. [CrossRef]


https://doi.org/10.1038/s41586-021-04231-6
https://www.ncbi.nlm.nih.gov/pubmed/34794169
https://doi.org/10.1002/jmv.29183
https://doi.org/10.1038/s41467-023-36110-1
https://www.ncbi.nlm.nih.gov/pubmed/36781853
https://doi.org/10.1038/s41541-023-00732-9
https://www.ncbi.nlm.nih.gov/pubmed/37813912
https://doi.org/10.1001/jama.2021.21921
https://www.ncbi.nlm.nih.gov/pubmed/34860253
https://doi.org/10.1038/s41467-022-30878-4
https://www.ncbi.nlm.nih.gov/pubmed/35668119
https://doi.org/10.1038/s41392-022-01062-3
https://www.ncbi.nlm.nih.gov/pubmed/35853864
https://doi.org/10.1126/science.abn2688
https://www.ncbi.nlm.nih.gov/pubmed/35143256
https://doi.org/10.1038/s41467-022-30340-5
https://www.ncbi.nlm.nih.gov/pubmed/35562366
https://doi.org/10.1016/j.vaccine.2023.10.021
https://doi.org/10.1371/journal.ppat.1002557
https://doi.org/10.1128/JVI.00945-14
https://doi.org/10.1111/all.14622
https://doi.org/10.1016/S1473-3099(20)30232-2
https://www.ncbi.nlm.nih.gov/pubmed/32199493
https://doi.org/10.3390/vaccines10040533
https://www.ncbi.nlm.nih.gov/pubmed/35455282
https://doi.org/10.1016/j.ajpath.2020.08.009
https://www.ncbi.nlm.nih.gov/pubmed/32919977
https://doi.org/10.1111/bpa.13013
https://www.ncbi.nlm.nih.gov/pubmed/34390282
https://doi.org/10.1038/s41591-021-01556-7
https://www.ncbi.nlm.nih.gov/pubmed/34697502
https://doi.org/10.1007/s00415-021-10780-7
https://www.ncbi.nlm.nih.gov/pubmed/34480607
https://doi.org/10.3389/fimmu.2023.1108716
https://www.ncbi.nlm.nih.gov/pubmed/36875071
https://doi.org/10.1038/s41541-023-00616-y
https://doi.org/10.1002/eji.202350664

Viruses 2024, 16, 417 29 of 29

72.

73.

74.

75.

76.

77.

78.

79.

Persson, G.; Restori, K.H.; Emdrup, J.H.; Schussek, S.; Klausen, M.S.; Nicol, M.].; Katkere, B.; Rong, B.; Kirimanjeswara, G.;
Serensen, A.B. DNA immunization with in silico predicted T-cell epitopes protects against lethal SARS-CoV-2 infection in
K18-hACE2 mice. Front. Immunol. 2023, 14, 1166546. [CrossRef]

Casadevall, A.; Joyner, M.].; Pirofski, L.A. SARS-CoV-2 viral load and antibody responses: The case for convalescent plasma
therapy. J. Clin. Investig. 2020, 130, 5112-5114. [CrossRef] [PubMed]

Miyamoto, S.; Nishiyama, T.; Ueno, A.; Park, H.; Kanno, T.; Nakamura, N.; Ozono, S.; Aihara, K.; Takahashi, K.; Tsuchihashi, Y.;
et al. Infectious virus shedding duration reflects secretory IgA antibody response latency after SARS-CoV-2 infection. Proc. Natl.
Acad. Sci. USA 2023, 120, €2314808120. [CrossRef]

McCray, P.B., Jr.; Pewe, L.; Wohlford-Lenane, C.; Hickey, M.; Manzel, L.; Shi, L.; Netland, J.; Jia, H.P; Halabi, C.; Sigmund, C.D.;
et al. Lethal infection of K18-hACE2 mice infected with severe acute respiratory syndrome coronavirus. J. Virol. 2007, 81, 813-821.
[CrossRef]

Kaewborisuth, C.; Wanitchang, A.; Koonpaew, S.; Srisutthisamphan, K.; Saenboonrueng, J.; Im-Erbsin, R.; Inthawong, M.;
Sunyakumthorn, P.; Thaweerattanasinp, T.; Tanwattana, N.; et al. Chimeric Virus-like Particle-Based COVID-19 Vaccine Confers
Strong Protection against SARS-CoV-2 Viremia in K18-hACE2 Mice. Vaccines 2022, 10, 786. [CrossRef]

Gupta, A.; Madhavan, M.V,; Sehgal, K.; Nair, N.; Mahajan, S.; Sehrawat, T.S.; Bikdeli, B.; Ahluwalia, N.; Ausiello, ].C.; Wan, E.Y,;
et al. Extrapulmonary manifestations of COVID-19. Nat. Med. 2020, 26, 1017-1032. [CrossRef]

Winkler, E.S.; Bailey, A.L.; Kafai, N.M.; Nair, S.; McCune, B.T;; Yu, J.; Fox, ].M.; Chen, R.E.; Earnest, ].T.; Keeler, S.P; et al.
SARS-CoV-2 infection of human ACE2-transgenic mice causes severe lung inflammation and impaired function. Nat. Immunol.
2020, 21, 1327-1335. [CrossRef] [PubMed]

Kirby, T. mRNA vaccine technology for a multivalent flu vaccine. Lancet Infect. Dis. 2023, 23, 157. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fimmu.2023.1166546
https://doi.org/10.1172/JCI139760
https://www.ncbi.nlm.nih.gov/pubmed/32634126
https://doi.org/10.1073/pnas.2314808120
https://doi.org/10.1128/JVI.02012-06
https://doi.org/10.3390/vaccines10050786
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1038/s41590-020-0778-2
https://www.ncbi.nlm.nih.gov/pubmed/32839612
https://doi.org/10.1016/S1473-3099(23)00013-0
https://www.ncbi.nlm.nih.gov/pubmed/36708722

	Introduction 
	Materials and Methods 
	Cell Cultures 
	Plasmid Construction 
	Generation of Recombinant Viruses 
	In Vitro Characterization of Recombinant MVA-N and MVA-ST/N 
	Western Blot Analysis of Recombinant Proteins 
	Immunostaining of Recombinant SARS-2-ST and SARS-2-N Proteins 
	Viruses 
	Immunization and Infection of K18-hACE2 Mice 
	Measurement of Viral Burden 
	Quantitative Real-Time RT-PCR 
	PRNT50 
	Antigen-Specific IgG ELISA 
	T Cell Analysis by Flow Cytometry 
	T Cell Analysis by Enzyme-Linked Immunospot (ELISpot) 
	Immunohistochemistry of Lung and Brain Tissue 
	Digital Image Analysis 
	Statistical Analysis 
	Study Approval 

	Results 
	Generation and Characterization of the Candidate Vaccines MVA-N and MVA-ST/N 
	Single Vaccination with MVA-ST/N Induces Robust Protection against a Lethal SARS-CoV-2 Challenge Infection in K18-hACE2 Mice 
	MVA-ST/N Emergency Vaccination 2 Days before a Lethal SARS-CoV-2 Challenge Infection Resulted in Delayed Outcome of Disease and Death 

	Discussion 
	Conclusions 
	References

